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PREFACE

This report covers all work accomplished in the 'Development of Emission
Mcasurement Techniques for Afterburning Turbine Engines” Program conducted
under Contract F33615-73-C~2047 by the General Electric Company, Aircraft
Eagine Group, Cincinnati, Ohio 45215. The report was submitted by the authors
on 19 June 1973,

This program was sponsored hy the Air Force Aero Propulsion Laboratory,
A1r Force Wripght Aeronautical Laboratories, Wright-Patterson Air Force Base,
Ohio 15133, The Air Force Project Engineer was Dr. W, S, Blazowski (AFAPL/
SFF),

The General Electric Program Managers were R. A. Monteferrante and, later,
A. L. Mever; the Technical Program Manager was D, W, Bahr; the Principal
Investigator was Dr, T. F. Lyon.

Valuable contributions to this prouram were made by the following per-
sonnel of the General Electric Company, Aircraft Engine Group, Engineering
Division, Continuing support and consultation was provided by C. C. Gleason.
The plume modeling effort was directed by M, J, Kenworthy with major contri-~
butions by W, C. Colley. Additional computer programming support was sfupplied
by D. R. Ferpuson and M, A, Smith. Data reduction procedures were programmed
by D, W, Rogers and J. Burns:. data reduction was performed by V., M, Cecil,

R. C. Williamson and B, W, Stowe contributed to thce desiun of the sampiing
and analysis syvstem with C., M, Stanforth directing this effort, Engine emis-
gi1ons testing was performed at the General Electric Edwards Flight Test Center
under the overall direction of C, L. Shumate; encine operation at Edwards

was supervised by C, Morgan,

Comprchensive test data acquired 1n the engine testing phases of this
program are contained in a separate volume subtitled "Supplcment 1 - Engine
Emissions Test Data' . Computational routines and operating instructions for
the plume model computer program developed in this program are contained 1in a
separate volume subtitled "Supplement 2 = Computcer Program User's Manual',
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SECTION 1.0

INTRODUCTION

Up to this time, development of emissions measurement techniques
generally has been concerned only with nonafterburning engines. Measure-
ment procedures for such engines were first issued bv the Soclety of
Automotive Engineers (ARP 1256, Oct. 1971). Procedures adopted by the
EPA as part of the methods for Control of Pollution from Aircraft Engines
(Federal Register July 17, 1973) are based on the SAE procedures. These
techniques for nonafterburning engines require rather limited sampling
at the nozzle exic plane, which is adequate since the exhaust concentrations
are fairly uniform across the nozzle diameter except for mixcd=flow turbofan
engines. 1In addition, uncooled probes are generally adequate since the
exhaust temperatures are moderate.

In contrast, local temperatures at the exhaust plane of afterburning
engines can reach 3600° F. These extremely high temperatures can result in
continued reactions downstream of the exhaust plane, so that exhaust plane
measurements would yield emissions levels which are not representative of
the actual contribution to atmospheric pollution. In addition, the high
exhaust plane temperatures can cause continued reactions within the sampling
probe, necessitating careful design of the probe to quench the reactions
at the probe entrance.

Since existing measurement procedures are not applicable to afterburning
engines, this program was undertaken to provide the definition, development,
and demonstration of emlssions measurement techniques for afterburning
turbine engines.

A key part of this program has been the development of a computerized
analytical model of the simultaneous mixing and chemical reaction processes
that can occur in the plumes of afterburning engines. This model was
developed so that local concentrations of the various exhaust gases, at any
axial station and radial position downstream of the engine exhaust nozzle,
may be calculated from the initial exhaust plane values. This highly complex
and sophisticated modecl not only permits calculation of final emissions
levels from exhaust plane data, but also permits investigation of the effects
of such factors as engine size, ambient conditions, altitude, flight Mach
number, etc.

The program was divided into three phases. Phase 1, completed in
October 1973, was the system definition study. This phasc involved develop-
ment of the analytical model of the exhaust plume and preliminary planning
of the emission measurement system to be usced on the engine tests. In
Phase II, the emissions measurement system was constructed and installed at
the General Electric Edwards Flight Test Center at Edwards Air Force Base.




Detailed emissions measurements were made throughout the plumes of two
afterburning engines, a J85-5 and a J79-15. The measured emissions levels
were compared with the predictions of the analytical studies of Phase 1.
Phage 111 consisted of refinement of the measurement system and plume model,
and definition of the final emissions measurement procedures in a format
similar to that of SAE ARP 1256. Emissions measurements on the same two
engines were then made to demonstrate these procedures. Emissions tests on
the F10l engine, originally planne”’ as part of this program, were nct per=
formed due to unavallability of a .c:t engine.

The finalized measurement procedure, described in a format gimilar
to that used for SAE ARP 1256, is presented as Appendix B of this report.
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SECTION 2.0

SUMMARY

This program was undertaken to provide the definition, development, and
demonstration of emissions measurement techniques for afterburning turbine
engines. The study involved both analytical and experimental investigation
of emissions levels at the exhaust plane and subsequent changes of the
emissions levels in the exhaust plume,

Analytical procedures were developed and combined with ewisting pro-
cedures to form a model of the exhaust plume of afterburning turbojet or
turbofan engines. The model reprcsents those features of the gas flow which
influence the consumption of gaseous contaminant emissions in the plume.
These features include:

1., Time—average turbulent mixing of each element of the axisy-
metric exhaust jet into adjacent elements and the mixing of
ambient air into the hot gas

2, Time~varying composition (heterogeneity) of the gas flow
past each point in space

3. Generation and decay of gas heterogeneity in the plume

4, Alteration of instantaneous gas composition by mixing with
gas from adjacent parts of the flow and by homogenization

5. Consumption of gaseous contaminants by rate-limited chemical
reactions.

Input to the model includes data from a probe survev of the engine
exhaust stream, together with properties of the fuel and ambilent air and
parameters of the englne cycle. Based on this input, the model predicts
profiles of velocity, fuel, and contaminant concentrations at various axial
locations in the plume and overall residual emissions indices derived from
integration of these profiles.

The primary use intended for the model is to estimate the true
residual emissions released into the atmosphere, based upon emissions
measurements made at the afterburner exhaust plane, This procedure is
useful in applications where direct sampling of the mixed and cocled
exhaust plume 1s not practical, such as engine tests in enclosed test
cells. The model is also capable of accommodating a moving environment,
which makes it useful in estimating contaminant consumption in the plume
under high-altitude, high-speed flipht conditions.




An afterl arner emiss{ons measurement system was designed, constructed,
and set up at the Guneral Electric Edwards Flight Test Center at Edwards
Alr Force Base, California. Afterburner emissions measurements were made
on J85=5 and J79-~15 engines at four power levels from military to maximum
afterburning. At cach power level, measurements were made at five axial
stations: from the nozzle exit to 30 feet aft of the J85 and to 60 lret
aft of the J79, AL each axial station, measurements were made at approxi-
mately 24 radial locations across the plume. Data from these tests indi-
cate that hiydrocarbons are most reactive in the plume, with significant
consumption observed at all afterburner power settings. At maximum after-
burner power setting, all of the hydrocarbons initially in the exhaust arc
ultimately consumed by the plume reactions. Carbon monoxide {s less re-
active, with large reductions occurring only at the higher afterburncr
power settings. No signifirant change 1in oxddes of nitrogen was observed
in the plume at any power setting.

A data reductivn vrocedure was developed which 1s well suited to
cvaluation of emissions iodices at locations far downstream from the engluv
whore extremely low emdssions concentratlons are encountered. This
method Lnvelves plotting the emigsion concentrations against €O, concentiru-
tion. At axial stations far enough removed from the englne that mixing and
plume reactions are complete, this plot becomes a straight line, the slope
of which 1Is rulated to the emisslon index.

This method glves reliable emission indices under suitable conditions,
and provides a graphical dilsplay which is amenable to statistical treatment.
The procedure has also been found useful at locations where mixing and
reactions are not complete. In these cases, the nonlinear curves are inter-
pretable in terms of the degree of mixing and reactions occurring at that
location.

An afterburner emissions medsurement prucedure was formulated and
described In a format similar to that used In ARP 1256, The procedurc
consists of two parts. Part A, the Far Plume Method, describes the
procedure for emissions measurements at axlal stations fdar removed trom
the engine exhaust plane. This is the preferred procedure, and data
reduction methods are based on the slope method described above. 1o casc
the required test facilities ave not avatlable for using this procedure,
an alternate procedure, the Near Plume Method, 1s also described. This
method Lnvolves measurement of emisslons at the nozzle exit plane, along
with total pressure measurements to properly mass welght the local values.
Data reduction for the Near Plume procedure ulilizes the plume model com-
puter program Lo calculate the quantity of contaminants ultimately ejectad
into the atmusphere,

A final serie. of emissions measurements on both the J85 and /9 cuptin

were made to demonstrate these afterburner emissions medasurement procedur .,

S
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This final test series showed that reliable emissions measurciments
be made on afterburning cngines by both the Near Plume and the Far Plume
test methods.  The Far Plume procedure provides more accurate overall
results, especially when large changes In emissions levels ocour in the
plume.

Vatly



TS

SECTION 3.0

AFTERBURNER EMISSTONS MEASUREMENT SYSTEM DEFINITION

System definition studies were performed in Phase 1 of the program,
which involved assessment of afterburner emissions characteriatics and
assessment of measurement system selection considerations. The me.surement
system to be used for the Phase Il engine emission tests was also ¢:{ined
in Phase I. Included in system definition was the design of the prutes to
be used for the engine tests. These activities are described in this
section of the report.

3.1 AFTERBURNER EMISSIONS CHARACTERISTICS

Emissions from augmentor combustion systems arc gencrally similar to
emissions from main engine combustors in that the primary objectionable
pollutants consist of carbon monoxide (CO), hydrocarbons (HC), oxides of
nitrogen (NOy), and particulate emissions., The CO and HC emissions generally
are products of inefficient combustion, and, since CO results from partial
oxidation of the fuel, CO tends to occur where high HC concentrations exist.
However, at high afterburning power levels, where the fuel-air mixture may
be stoichiometric or greater, very high levels of equilibrium CC way exist.
In these regions, temperatures are too high for HC to persist. The general
tendency in afterburners, thus, is that the CO concentrations are highest
in regions of highest temperatures, while both CO and HC may exist in low
temperature regions.

For most afterburning aircraft engines, the main engine operates at its
maximum power conditions as the afterburner power is modulated cver its
entire range. This maximum power level of the main engine is referred to as
military or intermediate rated power., The emissions from the mainburner
whicn enter the afterburner are, thus, the same regardless of afterburner
power level. The CO and HC from the main engine tend to be consumed in the
afterburner flame when the afterburmer is operating. But CO and HC are also
formed within the afterburner, which may result in a net increase or decreasc
in CO and HC when operating with afterburner, depending upon the relative
magnitudes of the various chages involved.

As for NO, emissions, the chemical kinetics of NO formation are
reasonably well understood and the dominant parawmeter in NO production is
the masimum flame temperature. Since the flame temperatures are much higher
in the mainburner, the NO production rates would be expected to be higher
in the mainbummer than in the afterburner. However, the kinetics of the NN
formation process are such that there can be no significant decrease in
total KO, in the afterburmer but only an increase. The basic reason for
this is that at the lower temperatures where thermody.amic equilibrium favors
a decrease in overall NO level, the kinetics are too slow to permit any
appreciable change.
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Smoke tends to be generated under very rich, high pressure conditions
such ag may be found in the primary zone of main engine combustors. The
smoke generated in augmentors would be expected to be of minor significance
because pressure levels are low, and the fuel-air mixtures are not as rich
as in the primary zones of main engine combustors. 1In fact, it has been
shownn that main combustor smoke is partially consumed in the afterburner
combustion processes,

5 The general remarks made here concerning afterbumer emisgions charac-
- teristics refer to the formation of objecrionable emissions within the maine-
burner and afterburner, and apply to emissions levels to be found at the
nozzle exit plane. The general compositirn of the exhaust at this station
influences the choice of the sampling and analysis equipment to be used for
the nozzle exit plane measurements.

Until recently, verv little information had been available on emissions
from afterburning engines., This was due mainly to the rather specialized
probe required for sampling in the high temperature stream. Still less
information was available on the extent of reactions (n the exhaust plume due
to the extensive facilities required to make such measurements. Table 1 is
a summary of previously published afterburner emission test data.

3.2 AFTERBURNER PLUME CHARACTERISTICS

The extremely high exhaust plane temperatures produced when operating
turbine engines with afterburners can result in continued reactions down-
stream of the exhaust nozzle. 1In order to adequately define the emissions
measurement system, it was necessary early in the Phase I efforts to determine
the approximate extent of mixing and chemical reactions occurring within the
plume. These determinations were calculated utilizing the existing JETMIX
and GCKP Programs. ‘The JETMIX program provides the rate of mixing in the
exhaust plume, while the GCKP program provides the overall chemical reacticn
rates in the plume. A thorough discussion of both these programs is contained
in a later section of this report.

Calculations of radial profiles at various downstrcam axial stations were
made for three engines utilizing the JETMIX computer program. The F10l enpine
was included in these calculations since the original plans for this program
included testing the rFl0l. A summary of the plume conditions at Max A/B power
and at each selected axial stations, for these three engines, is given in
Table 2. The five axjal stations selected are at approximately 0, 3 6, 12,
and 24 nozzle diamecers for the JB5-5 and J79-15, and at about 0, 2, 4, 8,
and 16 nozzle diameters for the F10l, as shown in Column 4 of the table. The
nozzle diameter (Column 2) for each engine is that corresponding to the ideal
A9, which 1s the area that would be required for an isentropic expansion to
ambient pressure.

In Table 2, the fifth through the ninth columns give the static and
total temperature, velocity, total pressure, and Mach number at the plume
centerline. The second sampling statjon {ur each engine i{s near the end of




Table 1. Summary of Previous Afterburner Emissions Test Data.

Axlal
Simulated Sampling
Simulated Altitude Location Test
Engine Mach No,  (fe) (ft) Location Reference
TF30-P~3 0=1.3 040K 0.75 NASA-Lewis a.
TF30-P-412 0-1.8 0-70K 27 NAPTC b.
J85<5 0 0 0,4,8,16 AEDC c.
YJ93-3 0-2.7 0-75k 0 AEDC d.
JB5-13 0-1.5 6.5~42K 0.5 NASA~Lewis e.
Olympus 0 0 33 SNECMA f.
JB85-5 1.6-2,0 55-65K 0,14,30 AEDC g,
Js58 2.0-2.8 65K 0.2 NASA-Lewis h.
Various 0 0 Various NORIS i.

References to Table 1

a. Diehl, L,A., "Preliminary Investigation of Gaseous Emissions from Jet
Engine Afterburner," NASA T X-2323 (July 1971).

b. Palcza, J.L., "Study of Altitude and Mach Number Effects on Exhaust Gas
Emissions of an Afterburning Turbofan Engine," FAA-RD-72-31 (Decenber
1971).

c. Lazolier, G.R. and Gearhart, J.W.. "Measurement of Pollutant Emissions
from an Afterburning Turbojet Engine at Ground Level-1I, Gaseous Emis-
sions," AEDC-TR-72-70 (August 1972).

d. Davidson, D.l. and Domal, A.F., "Emissions Measurements of a J93 Turbo-
jet Engine,” FAA-RD-73-66 (September 1973).
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Table 1. Summary of Previous Afterburner Emissions Test Data (econcluded),

e. Diehl, L.A., "Measurement of Gaseous Emissions from an Afterburning
Turbojet Engine at Simulated Altitude Conditions," NASA TM X-2726 (March
1973).

f. Quillévéré, A,, et al,, "The Concept of Low-Pollution Rate Afterburning
from the Viewpolnt of Jet Engine Manufacturers," AGARD-CP-125 (September
1973), (Proceedings of AGARD Conference on Atmospheric Pollution by
Aircraft Engines, held in Loadon, 9-13 April 1973).

g. German, R.C., et al,, "Measurement of Exhaust Emissions from a JB5-GE-
5B Engine at Simulated High~Altitude, Supersonic, Free-Stream Flight
Conditions," FAA=RD-73-92 (June 1973).

h., Holdeman, J.D,, "Gaseous Exhaust Emissions from a J-58 Engine at Simu-
lated Supersonic Flight Conditions," NASA TM X-71532 (April 1974),

i. Longley«Cook, B.A. and Krimmel, J.A., "Aircraft Engine Emissions
3 Catalog," AESO 101 (Naval Environmental Protection Support Service,
North Island CA) (Rev 3 June 1974).
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the potential core, and the centerline conditions decrease rather vapidly
with axial distance after this statiom., The tenth column gives the jet
diameter, which here i1g defined as that diametral distance at which the local
velocity 1s 2 percent of the centerline velocity.

d Preliminary calculations using GCKP were made to determine the regions
in the exhaust plume of an afterburning engine where significant chemical
reactions take place. Figure 1 shows an example of chemlcal kinetic calcu-
lations made at the conditions of an augmentor exhaust plume. Stolchiometric
combustion products at equilibrium conditions were assumed to be instan- '
taneously mixed with ambient air. The initial CO mole fraction, (Xco)y, for i
each mixture is shown in the figure. The progress of the CO consumption
j was then monitored with the GCKP program. Reaction progress ig shown after
' 0.1, 1.0, and 10 milliseconds. The curves 1llustrate that the maximum consump-
' tion rate occurs near an equivalence ratio of 0.5, with much slower rates at
the lower temperatures existing at an equivalence ratio of 0.3. Tt should be i
noted that this calculation 1s merely the kinetic calculation and does not
include mixing effects.

' From this preliminary calculation, it was concluded that the continuing
i chemical reactions in the plume beyond the point where the centerline concen-
' trations have mixed below an equivalence ratio of 0.3 would have only a very
3 small effect on the final emission level. From the JETMIX calculations, this
' condition was expected to occur in the region near 15 jet diameters downsttream
of the engine exit, for the condition where a stoichiometric mixture exists
near the nozzle exit; that is, for the maximum reheat condition. For lower
reheat settings, the region of continuing CO oxildation would be close to the
nozzle, These initial calculations thus indicated that the originally pro- ;
posed axial sampling stations appropriately bracketed the region of continu-
ing reactions. These five initially proposed axial sampling locatlons were
at the nozzle exit and at 3, 6, 12, and 24 nozzle diameters downstream.

A, L

As part of the early investigations of mixing and reactions in the plume,
the JETMIX program was used to provide some special detalls of the plume
mixing fleld not previously determined. Yormally, the JETMIX program is
applied to uniform afterburner temperature profiles and to simple radial
profiles, In this special case, in the presence of a uniform temperature
profile at the nozzle exit plane, a concentrated composition or emissions
peak was input and its spreading through the plume was calculated.

An example of the calculated results 1s presented in Figure 2. The
initial composition streak 1s at the outer edge of the afterburner exit., The
figure shows the spread of this emissions streak as it mixes in the plume,

In the first three engine diameters aft of the engine, none of the species
has yet reached the plume centerline. Figure 3 shows the effect of continued
mixing at 8 and 15 diameters., Also shown for comparison in Figure 3 1is the
simultaneously calculated temperature profile. At the 15-diameter station,
the temperature profile and the emissions apecles profile have almost the
same shape. Since the temperature bepan as a uniform condition at the engine
exit, this demonstrates that after 15 diameters, streak effects from the

lgu
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augmentor have essentially mixed to the equivalent of a uniform engine exitc
emission level, However, since the temperature histories to this station

are quite different between the streak and the uniform case, the chemical
kinetics may show very significant differences in the actual final calculated
emissions levels. At eight engine diameters there is still a significant
difference between the temperature profile and the emissions streak profile.

These calculations demonstrated the extremely intense mixing which occurs
in the plume outside of the potential core. Due to tlis intense mixing, the
concentration profiles will be similar, at distances far enough removed from
the exhaust nozzle, regardless of the initial distribution at the exhaust
plane. This concept forms the basis for the "far plume'" measurement proce=
dure which was developed in this program.

3.3 PROBES FOR AFTERBURNER EXHAUST MEASUREMENTS

3.3.1 General Considerations

For the afterburner emissions measurements made in Phase II of this
program, a complete plume survey was required at several engine power settings
up to maximum afterburner power. Fotr an engine at maximum afterburner power
in sea level static operation, local total temperatures at the exhaust plane
may reach levels as high as 3600° F. This corresponds to nearly equilibrium
temperatures at stoichiometric fuel-air ratio. Corresponding local total
pressures are typically in the range 30 to 40 psia. Very careful design of
the probe is required to withstand such severe environments.

At the other extreme of conditions, near the edge of the plume, tempera-
tures and pressures are near the ambient values. Rellable sampling and
subsequent accurate analyses of the exhaust pases over this extremely wide
range of conditions was one of the most challenging problems of this program.
It was determined that two pairs of probes would be used for the plume surveys
The high temperature probes were used at axial sampling locations where
temperatures exceeded 2000° F., The low temperature probes had a much longer
span and wvere used at the downstream sampling stations where temperatures
were below 2000° F. The major factor in choosing the movable single-element
probes over the fixed-rake array was the much greater adaptablility of the
movable probes to the various engine sizes and axinl sampling stations.

The high temperatures at the exhaust planes required special construction
of the probe tip to quench, or freeze, the chemical reactions at. the probe
entrance. These quick-quench probes were constructed in such a way that
reactions were frozen at the probe entrance by rapid expansion of the gas to
lower pressure, and by cooling of the sample by conduction to the walls.

Since there could be quite severe and somewhat unpredictable gradients
in the exhaust stream, it was necessary to determine the local mass flow so
that the individual samples could be properly weighted. Once the local mass
flow was determined, along with the gas composition, then the local flux of
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all gas specles could be evaluated, Thie method also allowed calculation of
total carbon flux in the plume for comparison with the total carbon in the
erigine fuel flow. This redundant information provided a valuable check on
the overall sample consistency.

3.3.2 Probe Cooling

An important consideration in the design of the sampling probe, especially
at sample locations near the exhaust nozzle, was the method of cooling the
probe. While the probe itself must be cooled sufficiently to maintain
structural integrity, a conflicting requivement was that the sample line must
be kept hot enough to prevent condensation of hydrocarbons and water. Ideally,
the probe would be maintained at about 300° F, the same temperature as regquired
for the sample line. This pregented considerable difficulty in the nozzle
exit plane where heat fluxes to the probe are extremely high. Several types
of cooling media were considered for use in maintalning the probe at 300° F,
Among these cooling media were steam, pressurized water, and various types of
heat transfer salts. Thesde were all rejected for varlous reasons.

A second approach to maintaining the probe at 300° F was to use a dual-
fluid system where the probe coolant circuit is separate from the sample
heating oircuit within the probe. This approach was undegirable due to the
considerable expense and complexity imvolved in the construction and opera-
tion of such a probe,

Consideration of the various alternatives favored the use of a low
pressure, heated water system for probe cooling, if it could be determined
that temperatures as low as the range 130° F to 180° F could be tolerated.
With this objective, a relatively simple test was performed using an exist-
ing small-scale combustion system,

The combustion system was instrumented with two probes. Ome probe,
the one normally used for gas sampling in this system, was cooled with heated
water (about 150° F) in the usual way. The other probe was cooled by oil
pumped from a special oil reservoir. The temperature of this oil could be
varied from 300° F to 95° F, A 50-foot section of sample line connected to
the oil-cooled probe was also heated by circulatfon of the same oll. Samples

from each probe were analyzed with a gas chromatograph and flame lonization
hydrocarbon analyzer.

The rig was operated with pilot burner only, a total fuel-alr ratio of
about 0.01, and on alr inlet temperature of 340° F. The sample from the
water-cooled probe was analyzed to monitor the burner stability, while the
coolant temperature of the oil-cooled probe was slowly varied from 300° F to
95° F. As shown in Figure 4, the oll-cooled probe gave a relatively constant
level of HC (2800-3000 ppm) over the complete range of coolant temperatures.
In Figure 4, the corrected HC concentration is plotted against probe coolant
temperatures, where the corrected value is:
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The reference value was obtained through the water=cooled prohe. Flpure 4,
thus, shows that a portion of the variation in HC concentration was actually
due to variation in the burner itself,

It should be noted that this simple test did not cover the complete
range of possible conditions which could be encountered in emissions sampling
of afterburning engines. Tt was, however, a relatively severe test in that
not only was the probe coolant temperature varied, but also the temperatuve
of the adjacent 50 feet of sample line.

It had been determined previously that heated-water cooling of the probe
was the most attractive of several cooling schemes considered. The results
of this test further favored the choice of this method. 1t was necessary to
set a lower limit of about 130° F on the cuolant temperature in order to
prevent condensation of water in the sample 1lines.

In a similar test reported recently (Reference 1), no gignificant

difference in HC concentration was noted over sample line temperatures rang-
ing from 150° F to 350° F.

3.3.3 Quenching of Gas Sample

Quenching of the sample pases at the probe orifice was required at the
high temperatures to prevent continued chemical reaction within the probe
which would give distorted values of the gas composition. In these probes,
quenching of the gas sample was accomplished by:

® Water cooling of the probe.
. Providing a diverging passage leading awa-: from the probe tip.
] Reducing the sample line pressure te provide a pressure ratio of 5

to 1, or more, across the prohe tip.

The diverging passage in conjunction with the low pressure in the prchbe
created a short supersonic expansion which reduced the static pressure of the
zas stream. This action combined with the wall cooling effect provided the
nvcegsary quenching of the -hemical reactions.

Aithough expansion of the exhaust gases across the probe orifice ccupled
with conductlive cooling to the interior walls of the probe are effective in
quenching reactiou: within the probe, the processes above are apparently not
sufficient to freeze tiie reactions. A calculation based on reaction kinetics
in a homogeneous stream will generally show a large fractional reduction in
reactive species within the probe, that is, a lack of quenching. Tt is
known, however, that quenching probes are considerably more efifective than
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indicatea by such calculations. The reason for this iIs that simplified cal-
culation neglects the axial heterogeneity of the exhaust stream. Considera-
tion of thiy axlal neterogeneity Ls a key element in the formulation of the
plume model, to be desrribed in detail in the next section of this report,
Thus, while the effects of gas expansion and cooling can qualitatively be
demonstrated by rather straightforward calculations, a thorough analytical
treatment of gas compositional changes within the probe would be extremly
complex due to the stream hererogeneity and was not attempted on this
program.

The required flow through the sample system was determined by the gas
sample flow rote required at the analyzers., Once this flow was determined,
the probe orifice was sized so as to give critical flow across the orifice.
The gas sample pump was then chosen to give the required inlet and outlet
pressure with the selected flow rate,

In the design of the quick-quench probes, coprer sampling tips were
used, This was to provide pood heat transfer from the water cooled vejion
out to the end of the tip. Although copper is not generally recommended for
use in measuring NOy, this short lengtu of the copper tip in contact with
the gas sample would probably have negligible effect on the NOy readings.

3.3.4 Hiph Temperature Probe Design

The bigh temperature probe assembly was 60 inches long from the gas
sample orifice to the axis of rotation. The probe assembly consisted of
three separable components - the probe, probe support body, and probe support
arm. Both the probe and probe support body were sevarately water-cooled,

The probe support arm was uncooled. A sketch of the high temperature srobe
assembly is shown in Figure 5.

The tips of the high temperature probe coantained both total pressure and
gas sample orifices, as shown in Figure 6. Since the orifices were separated
by only 0.188 inch, very careful design of the sensor tip was required to
assure that a continuou: sampling flow through one orifice would not inter-
fere with the total pressure measurement at the other orifice. A model of
the probe tip was constructed and aerodynamically calibrated to verify the
measurement of total pressure during continuous gas sampling.

Each high temperature probe was positioned by a "windshield wiper'" tvpe
actuato. , which consisted of an electric motor and reduction gear train
turning the shaft to which the probe assembly was fixed. The probe assembly
and actuator mounted behind the J85-5 engine is shown in Figure 7. The
actuators were so placed that each probe swept in an arc through the engine
centerline. The angular position of the actuator shaft was measured by a
¢alibrated potentiometer affixed to the shaft, This anrular position, along
vith fixed pgeowmetrical fact-~rs, was used to determine the probe tip radial
location with respect to the engine centerline.
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3.3.5 low Temperature Probe Design

The low temperature probe was 10 feet long, as measured from the jas
sample tip to the axts of rotation, and the axis of rotation was lovated
4,93 feet from ground level, The low temperature probe system conststed o
the probe itself, actuator, and stand, as shown in Figure 8, The end of the
probe contained a total and static pressure tube, a pgas sample orifice, and
a thermocouple, The end of the probe was removable, so that in the event of

damage to the elements, the entire end of the probe could be veplaced. Figure
9 shows the probe end.

The probe was positioned by a serew-type actuator (Duff=Norton Company
"Jactuator" #CM4802-36~B-1) with 36-inch stroke. The actuator system was
designed for a total travel of 130 degrees. The angular position of the probe
was measured by a calibrated potentiometer similar to that used for the high
temperature probes. The support stands for the low temperature probes were
anchored directly to the reinforced concrete pad extending behind the engine
test stand.

Figure 10 shows the low temperature probe attached to the concrete at
the 60-foot axial station. At the time of this photograph, a pneumatic
dampener had been added to improve stability of the probe in the extremely
turbulent exhaust plume.

3.4 EMISSIONS SAMPLING AND ANALYSIS SYSTEM

The basic elements of the emissions sampling and analysis system used in
the Phase II and Phage III tests are shown in Figure 11. Two separate sample
lines connected the probes to the gaseous emissions and smoke measurement
equipment through a double, three-way valve system, With this arrangement,
smoke was sampled from one probe while gaseous emissions were analyzed from
the other probe., The pumps immediately downstream of each probe provided the
reduced pressure within the probe necessary for rapid quenching of the exhaust
sample. These pumps were Contamination Control, Tnc., Model 299 four-stage
"piavac" pumps and were sized to maintain a pressure in the probe of about
6 psia.

The sample line connecting the sample pumps to the heated valve box was
a steam~traced "Dekoron'" tube bundle. The length of the line between the
probe pumps and the valve box was approximately 100 feet. The steam generator
was an Ebcor electrode boiler, Model 5-240-4, rated at 250 psig, 5 Bhp, 173
1b per hr, 50 KW. All sample lines frcom the probe exit to the analyzer unit
were steam-traced and maintained at a temperature of about 300° F during the
tests,

Heated water for probe cooling was circulated from a 500-pallon tank

through the probes by a 50 gpm electric pump., Water in the tank was main-
tained at 160 to 180° F by a thermostatically controlled electric heater.
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Low Temperature Probe System with Pneumatic Damper Addnd for
Improved Stability.
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The gaseous emissions analysis system conalsted of four separate
malyzers, all manufactured by Beckman Instruments, Inc.; the system was
issembled by General Electric., The CO (Model 855) and CO3 (Model 864)
wmialyzers were both nondispersive infrared (NDIR) instruments, To minimize
rater interference, the sample was dried by an ice trap before entering the
DIR instruments. The NOy analyzer was a Model 951 heated Chemiluminescence
\nalyzer, and the HC analyzer was a Model 402 flame ionization detector (FID)
lnstrument. No traps were used in the NOy and FID lines, and the sample

temperatute was maintained above the maximum dewpoint (130° F) of the sample
3as,
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SECTION 4.0,

ANALYTICAL PLUME MODEL DEVELOPMENT

A key part of the afterburner emissicns measurement program was the
! development of a computerized analytical wodel of the simultaneous mixing and
{ chemical reaction processes that can occur in the plumes of afterburning
' engines. This model was developed so that local concentrations of the various
exhaust gases, at asny axial station and radial position downstream of the
; engine exhaust nozzle, may be calculated frow the initial exhaust plane values,
5 This model not only permits calculation of final ewlssions levels from exhaust
i

plane data, but also permits investigation of the effects of such factors as
engine size, ambient conditions, altitude, flight Mach number, etc. Iaitial
development of the model was accomplished in Phase I of the program, and
refinement and validation occurred in Phase II.

This section contains a discussion of the analytical methods used in the
development of the model. Comparison of the predictions of the model with
' actual plume measurements made at various axial locations behind afterburning
i engines is presented in Section 6.0 of this report. -

-
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4.1 METHODS OF ANALYSIS

The analytical model of the physical and chemical procusses occurring in
the exhaust plume of afterburning gas turbine engines was formulated from a
ceries of computer programs. This formulation utilized existing programs :
wvhere appropriate, and new programs were uritten as required., The major 3
pre~existing elements, which formed a sound basz on which to structure the
model, were: (a) the steady-state turbulent gas jet mixing analysis used in
the General Electric computer program JETMIX (Reference 2); (b) a formal
solution of gas-phase chemical reaction kinetics equations developed by
NASA-«Lewis Research Center (Reference 3); and (c) an approximate combustion
gas kinetics analiysis formulated at General Electric as an extension of
techniques developed for hydrogen-fueled hypersonic ramjets (Reference 4).

Physical parameters input to the model include: ambient air properties
(temperature, pressure, humidity, flight speed); fuel properties (temperature,
hydrogen content, heating value); engine cycle parameters (ram air tempera-
ture, bypass ratio, main combustor fuel-air ratio and CO and NOy emissions
indices, fan discharge temperature, exhaust jet diameter); and exhaust jet
survey probe data at several points (radial location, impact pressure, gas
sample analysis)., The gas ana.ysils requires volumetric determination of CO
and CO; with the sample dried to saturation at 32° F, and total HC (as
single~carbon-atom molecules) and total NOy with sample water ccntent as~
sampled.

The composition and properties of the gas flow at each probe meagurement ]
point are derived from the measurements., In this derivation, the gas composi- i
tion at a point in the flow is assumed to be heterogeneous or time-=varying. i3
This assumption was chosen in preference to a homogeneous gas with nonequili-
brium chemical composition, because examination of chemical reaction kinetics
indicated that, under high temperature afterburner conditions, the reactions
would proceed to equilibrium in a few inches. The existence of nonequilibrium
concentrations of CO and hydrocarbons in the gas samples is better explained
by postulating that, over a part of the sampling time, the probe was immersed
in a pas mixture much richer or much leaner than the mean fuel concentration
of the sample.

The flow is assumed to be axisymmetric so that the gas properties at each
sample point are applied to the flow in an annular streamtube. The time-
average properties of the flow in each tube are algso computed. i

The intermixing of the annular streamtubes and the diffusion of the jet
Into the static or moving amblent air are computed by the JETMIX analysis
(Reference 2), which performs a numerical solution of the differential
equations of continuity of mass, momentum, energy, gas species,.and turbulence
kinetic energy. The flow initially in each of the streamtubes assigned to each
sample point is treated as a scparate gas, as is the ambient air., These gases
are treated as homogeneous, inert, ideal gases with constant specific heats.
Any Increase in tctal temperature due to chemical reactions 1s calculated later,
but it is assumed that the density change is not sufficient to influence the




mixing, In an afterburner, the combustion reactions should be essentially
complete upstream of the exhaust nozzle, so that the reactions coatinuing into
the exhaust plume are only consuming trace contaminants,

A differential equation governing the formation, convection, and decay
of a characteristic of the gas heterogeneity is solved numerically throughout
the flow field, using the previously calculated properties of the flow. This
concept was taken from the works of Spalding (Retorences 5, 6, and 7).

The nonreacting flow field solution provided by the JETMIX analysis and
the Spalding heterogeneity solution are not used directly by the plume model,
but rather are used to guide the mixing between and homogenization within a
fixed number of computation cubes extended from the original streamtubes
assigned to each sample polut. This approach is taken to minimize the number
of chemical kinetics calculations. The computation proceeds in axial steps
through the plume. The gas composition in each tube is modified by inter-tube
mixing and intra-tube homogenization at each step., After several steps, the
gas composition is further modified by chemical reactions over a time incre-
ment corresponding to che step length and local velocity.

A choice of two chemical reaction kinetics analyses is provided. One of
these, GCKP, consists of a numerical solution of simultaneous differential
equations formed from the forward and reverse raction rates of a system of 23
two~ and three-molecule collision reactions. Although having a high degree
of rigor, GCKP is computationally cumbersome. The alternate kinetics analysis,
SCKF, utilizes approximations applicable to high-temperature combustion
reactions to achieve computational efficiency. These approximations are
associated with a radical pool In pseudo-equilibrium, the decay of which is
paced by selected three-body reactions.

Neither chemical kinetics analysis treats consumption of unburned
hydrocarbons. This is done with a phenomenological technique using an ewpiri-
cal relation of ignition delay for kerosene as a function of temperature.

At preselected axial locations, the model performs a summation of fuel
and contaminant flow in each computatiow tube, providing predicted values of
local and overall emissions indices. When all local gas temperatures have
been reduced to the point where chemical reactions cease, the emissions indices
will not change with length. These are then the true residual emissions,.
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4.2 TWO-PART MODEL OF HETEROGENEOUS GAS FLOW

A detalled description of the hecerogeneous gas flow at each probe loca-
tion in the engine exhaust plane 18 constructed from the probe impact pressure,
‘ the measured or assumed stati~. pressure, and the gas sample analysis. For
L, ' computational expediency, only two gas mixtures ars assumed t> exist at each
point in space: the cold part contains all of the measured hydrocarbons, plus
turbine discharge gas bearing a proportional amount of any CO and NOx emitted
from the main combustor and, optionally, some bypass fan air or nozzle secondary
air; the hot part contains the balance nf the fuel and air and is in chemical
equilibrium at the nozzle exit plane,

4.2,1 Sample Fuel-Air Ratio and Emissions Indices

The fuel-alr mass ratlo of each gas sample, fg, and the emission indices
(pounds contaminant per pound fuel) for CO, NO, (as NO3), and unburned hydro-
carbons, are derived from the gas sample analysis. The procedure is to solve
three linear equations for the unknown quantities fg, My (total moles of sample
per pound of air), and Mp (moles of dry sample, water removed, per pound of

air):
2.5nfs 1*2.5n> . o 1 _a
142,50 s . 1
= (' lOA') Ryc Mr + [.503101 (Rgp + 3§ﬂ2) - 1] “B + ;; (1)
n .000075 n

=7 Ryc Mt + .2515505 n(RCQ + RCOZ) Mp - -
'a

These equations are derived in Appendix A, Part 1. The symbol n represents
the hydrogen-to-carbon atom ratio of the fuel, mf is the fuel molecular weight
(the fuel molecule formula i3 assumed to be CigH10p). my 1s the molecular
weight of dry air, o is the air humidity (1b water/lb dry air), ™50 is the
molecular weight of water, Rgp and RC02 are the gas analyzer readings for
CO and CO; (moles vonstituent per mole sample dried to 492° R saturationm),

Ryc and RNOx are gas analyzer readings for total hydrocarbous (as CH,) and
nitrogen oxides (moles constituent per mole undried sample), and RY; is moles
Hz per mole dried sample, derived from Rpp by an empirical relation:

Bi2 = 0.2 (100 e ?*2® Reo < 0.091022292
Reo -
(2)
glcl(z) = 0.0147 (100 Rgp)l 342 Reo > 0.091022292
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This empirical relation had been developed at General Electric from a
study of a large number of gas analyses from a variety of burners.

The emissions indices are then calculated as

M
Elgc = Ryc (%) (-.:l') (3)
fS
1.006202 M
Bleg = Reg Mco (_.6_?_,_2) (%)
s
- My
Elno, = Rno, Mno, (:-») (%
£.

Emissions indices are handled internally in the model as pounds per pound
of fuel, rather than the conventional pounds per thousand pounds of tuel.

4.2.2 Local Vitiated Air Properties

The cold part of the two-part heterogeneous gas stream is assumed to
consist of vitiated air (air burned with main combustor fuel), plus the measured
unburned hydrocarbons. The properties of the air that arrives at each probe
sampling location in the exhaust gas stream are a function of certain engine
operating parameters. The nomenclature used to describe these parameters
uses engine cycle stations illustrated in Figure 12.

Work is extracted from the core air stream to compress the fan air.
Neglecting work extracted from the main combustor fuel flow,

hy - haS = 5 (h25 = h») (6)

where h) and hyg are the wet air specific enthalpies curresponding to enpine
inlet and fan discharge total temperatures T) and T)5, hgs is the entanalpy o
air that would react with fuel-air ratio fg to produce turbine discharge totai
temperature T5, and 2 is the engine bypass ratio

Go= W5 /Wee (N

Mixing of the tan and turbine discharge stream may be incomplete at the
rrobe survey plane, so that the local effective bypass rativ may not be equal
to the engine cvele bypass ratio. To provide for this contingency, a local
bypass ratio %y is defined so that the local ratio of main combustor fuel to
dry air is
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£5
f5;1 = =
L™ T+ BL (8)

The value of B], at each radial location may be estimated by =measuring
local fuel-air ratio with the engline at military power setting, where all fuel
sampled is main combustor fuel, and assuming that the afterburner combustion
does not alter the radial variation of 8, ., For turbojet engines, 8 = iy = O,
unless nozzle secondary air is sampled near the fringe of the jet, when a
positive Bf, may be required to account for fg < fg.

The local effective air enthalpy is

hay = tas * BL h25 (9)
1 + BL

The composition of the vitiated air which, with the measured unburned
hydrocarbons, will form the cold part of the two-part heterogeneous gas
mixture is computed by writing the formula for partial combustion of the main
combustor fuel:

£
% Cio H1om + i;; (.209495 07 + .780881 Ny + .009324 A

+ . ) G HY0 ~ p2
0003 €02) + nii70 H20 gy, + g202 + gZHZOHZO (10)

+ 8ZcgC0 + gZcp,C0y + gZn,Ny + gZpA + gZy NO
2 2 LR

where g = 1 + fg + o,

and the Zj's are moles of species i per pound of mixture. The CO and Noy
emissions from the main combustor are assumed to remain in the vitiated air.

82co = f5L(Elgg)c/meg (11)

gZNo = fSL(EINOx)C/mNOZ (12)

The hydrogen is assumed to be related to the CO by the same ratic as
was used in Section 4.2.1 above:

ZHp =(§L‘£) Zco (13)
ico
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Consiscuent mass balances then provide:

Snf 3
RZHY 0 = ggﬁ%g + %EZS - 821, (14) ]
glcop = 12532 + 20003 .. gz (13) —

mf ma ;
",780881 "
f 82y, * S, - " 384w (16)
.209495 + ,0003 a
_— (,,  + .0 )+,5(, —)- Sgleg = +S8INO ~ +5gly o ~ 82
8202 Wy 50 8%co = -°B%NO = +7B%H,0 7 BECO; (A7)
e, = 199$324 (18)
a

4,2.3 Proportion and Composition of Each Part of Heterogeneous Gas

The procedure for determining the properties of the two=part hetervgenenus
J gas at each sample point %3 an iterative one, in which the mass fraction of not
: gas in the sample is estimated, the composition and properties of both hot

and cold paris are computed, then the calculated CO emiadions index is

compared with the measured value and a new estimate of the proportion of hot
gas is made if necessary.

i The hot and cold parts are assumed to be moving at the same stream
velocity, and are assumed to remain separate in the sampling process until
sufficient cooling to quench CO reaction has occurred. Because of gas density
di{ferences, the sampling rates for hot and cold gases are different, resuit-
ing in proportions of hot and cold parts in the sample somewhat different from
those in the free stream; this effect is treated.

The cold part 1s assumed to contain vitlated air (as defined in Section
4.2.2 above) and the measured unburned hydrocarbuns. The mass fraction of the i
cold gas consisting of unburned fuel is thus

3 j— (19)
where yg is the estimated mass fraction of hot gas in the gas sample and
— ig
F 2 e
L+ fg +a (20)
36




e

i3 the mass traction of total tuel fun the mixed sample. The total tuel iy
the vold part {s the sun of the unburned fuel and Lhe main combuster fucl
contained in the vitiated air:

Fe = Iy + Fyp (1= Fy) (21a)
where
F5. = T+ (21b)

The Lot part contains the balance of the total tuel:

LI Yty + (I - y4ite (2.)

The total enthalpies ot the hot and cold jarts are computed from the
local effective air enthalpy (Section 4.2.2) and the absolute enthalpv of the
fuel (Appendix A, Part 3) assuming no heat conduction within the gas:

hypy = (1 - Fy) by + Fyhy (23)

11}

hT(: (1 - kc) hii] + l‘(:hf (24)

In expandiny reversibly through the exhaust nozzle pressure rvatio Pyg/P,
the hot part would normaily (ttain velocity

U'l S p )f“l
el R U B I (ls5)
dulipy TTi ("Ta

Similarly, for the cold part,
. t -1

L e 1
__.i_...__. I N U ( ‘.;- ) ! (26)
fglipe 1T -y

I[f the specitic heats are not greatly ditterent, tnen apploximately,
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v2y - (.TF_T!) ve? (27)

However, in this model, the hot and cold streams are constrained to the
same velocity U, Only part of the expansion work of the hot part produces

kinetic energy; the rest is imparted to the cold part to increase its kinetic
energy:

02 = yu2, + (1 - y)U2 (28)

The mass fraction of hot gas in the free stream (y) is not known at this
point in the calculation; however, it has been observed that its value differs

litcle from ys, so that the approximate correction for kinetic energy trans-
fer is derived from

v = yg (TH) y 2 + (1 - ya)Uc? (29)
I

The static enthalpies of the hot and cold parts are thus

" () (52
; hg - hpy - Trec/ \2gJ g

L

. (30)
1+ 3!& - )y’

he = hpg - ——5 ’ (31)

The pas stream velocity U is not known a priori, but is estimated, and
the estimate is subsequently revised until the calculated time-average probe
impact pressure agrees with the measured value. This calculation will be
described later in this section.

The composition of the cold gas consists of unburned fuel:

(Zye)g = %* (32)
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and vitiated air:

(Z9)e = (1 - Fy) (Zy) 1 = Hy, 0y, etc. (33)

vit.air

The static temperature of the cold gas 1s that at which the enthalpy of
the gas mixture (Appendix A, Part 3) equals the cold stream static enthalpy!

H
he = Ro Tc?zi<ﬁ%) (34)
Tc
The hot stream carries the balance of the measured nitrogen oxides:

Fs (EINOg)

vs (ZNoly = Nog

- {1 - yg) (Znolc (35)

1 - F
(Zny)y "(1 +:H> (’780381) = 5 (nody (36)

Ba

The remainder of the hot gas composition is computed as the chemical
equilibrium composition (with NO regarded as inert; see Appendix A, Part 2)
at the hot gas static temperature, which, in turn, is that at which the

enthalpy of the gas mixture (Appendix A, Part 3) equals the hot stream static
enthalpy:

. Hy
- bt 37
hy = RoTy 30 24 (RT> (37)
i Ty
For both the hot and cold gas mixtures, the thermnstatic properties are
calculated as in Appendix A, Part 3, including specific heat (Cp), molecular

weight (m), specific volume (v), and sonic velocity (a). In addition, the
ratio of specific heats is computed:

S R B (38)
& cp = Ro/-ﬁ-1
and the instantaneous Mach number:
M= U/a (39)
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and the total temperature:

- 4
Tr =T + ZBJCP (40)
and the ratio of total (impact) to static pressure:
p Y1
FI = 1+ w2 7 vhen M<1 (41a)
P (Y+l le
———— when M > 1 (41b)

(gl_ M - l;i.7fr
Y+l Y+l

These are well-known formulae (Reference 8, for example).

The mass fraction of hot guas in the free stream (which differs somewhat
from that in the gas sample) is computed from the formula

y = s
L+ (V_u ( (PT/P)H TTG (422)
Ve (PT/P) Tru
Y+l
we o W [ROTT 2\t (42b)
T PrA*Bg %! y+1
The volume fraction of hot gas in the free stream is
Yy
Vg y
1+ VH 1)y
Ve

The time-average probe impact pressure, to be compared with the measured
value, is

where

(43)
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(PT> 2 (pfl (1-0)°
3 T —— =T
Py =t \Fg ™ (44)

4+ (1-1)2

o

The preceding formulae for y, v, and 3&/? are derived in Appendix A,
Part 4,

When the stream velocity has been adjusted to provide agreement between
calculated and measured probe impact pressure, the CO emission index is
calculated for comparision with that derived from the gas sample analysis:

m
Elco = ffg [YS (2coly + (1-ys) (Zco)c] (49)

1f agreement is not attained, a new estimate of ygs (the mass fraction
of hot gas in the sample) is made and the calculations are repeatad.

In forming new estimates of yg, three reference values are used. The
maximum possible value is that at which the cold gas contains only the
measured unburned hydrocarbons:

Ymax > 1 - Fg (Elye) {46)

As yg is reduced, the fuel concentration in the hot gas increases. If
the overall stoichiometry is fuel-lean, a point will be reached where the
hot gas fuel concentration is exactly stoichiometric. As yg is reduced from
ymax to Ygtoics» the CU increases slowly due to equilibrium dissociation in
the hot gas. As ys is reduced below ygrpjic, the CO will increase much fa:ter
due to oxygen starvation in the hot gas. The stoichiometric fuel-air ratio
is

209495 of
= . 4
fstoic = T0m, (1 + 2257 (47)
The corresponding fuel mass fraction is
F Lo fstole (4b)
Stole = 1 + fapoge * @
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and the mass fraction of hot gas in the gas sample is

(g = vy ) - - Fa) o (Blyg)
Ystoic
Fatole = Fgy,

(49)

The minimum value of yg is that at which Fy is at the maximum value that
can be accommodated by the procedure for calculation of equilibrium combustion
gas composition (Appendix A, Part 2), which requires that sufficient air
be present to oxidize all fuel to CO and H2.

_ 2(.209495) [®¢
Emax 10 (ma) >
e o ‘max GL
max 14+ fmax +a

) (fé— ?5;) - (l “ FSL),fbﬂ(;rHC> (52)
Yinin

Fuax = Fgy,

The first few estimates of yg are made using these reference values.
Once the root has been spanned (that is, values of yg have been identified
that produce calculated values of EIgg both higher and lower than the measured
value), a quadratic interpolation procedure s used to guide convergence.

Once a set of properties is found for the two-part heterogeneous gas flow
that is consistent with the probe measurements at that point, average gas
properties are derived for use by the JETMIX analysis. The detailed two-
part gas description is retained, of course, for use in the subsequent mixing,
homogenization, and reaction calculations.

The mean fuel concentration of the gas in the free stream is

F o= yFy + (1 -y) Fe (53)

Similarly, the mean specific heat, molecular weight, and specific volume
are

Cp = y(Cp)y + (1 - y) (Cp)¢ (5¢)

42




b im e mm————— 1 ooy g G m

=R
"

y(é) + (1 - y)(é) (55)
m/y m/c

yvg + (1 = y)vo (56)

<
I

For consistency, the mean static temperature is defined by the ideal
gas law:

= 1l4Pvm

T RgJ (57)
The property characteristic of gas heterogeneity is, by definition,
A w2 - =.2
C=y(Fy~-FH "+ ~-y) (F, - F) (58)

The variation of this heterogeneity property throughout the flow field
will be used to guide the subsequent homogenlization of the two-part mixtures.
A maximum value of G may be defined, corresponding to a minimum value of v:

L - -2
Cmax =(—h+‘:m~)(? - FQ) (59)

A value of ypiy = 0.3 has been found useful.
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4.3 STEADY-STATE TURBULENT GAS JET MIXING

Exhaust nozzles of most contemporary gas turbine engines generally oper-
ate near their ideal expansion ratios, 1In view of this, General Electric's
initial efforts at the prediction of the flow field of a free jet relied on
an aerodynamic analysis which includes only the effects of turbulent mixing.
Specifically, this aerodynamic model is of the viscous, boundary~-layer type.
The computerized version of this analysis is referred to as the JETMIX com
puter program. This computer program solves the time-averaged turbulent
boundary layer equatiouns using boundary conditions which are appropriate for
free jets. The turbulent Reynolds' stresses are included by means of a tur-
bulence model which is based on a tutbulent kinetic energy concept,

The flow field under consideration consists of a plane or axisymmetric
turbulent jet exhausting into a region of constant (ambient) static pressure.
For complete generality, the model would have included the effects of vari-
ations in static pressure throughout the plume. However, sufficiently de-
tailed measurements at the engine exit to define the flow angles and initial
static pressure field in order to permit subsequent calculation ef downstream
variable pressure fields would be very difficult to obtaln. Furthermore,
variation in statlc pressures, including the effects of expansion and com-
pression waves and Mach discs, would involve considerable increased complexity
in the model. Some exploration of jet mixing with supersonic unmatched static
pressures showed only small effects on the turbulence generation. In addi-
tion, the moderate variation of the pressure fields expected i: the cases to
be analyzed would have only minor effects on the reaction kinetics calcula-
tions. Therefore, the analyses made and presented here all involve a uniform
static pressure field assumption. The flow field is illustrated schemati-
cally in Figures 13 and 14 for subsonic and supersonic jets, respectively,
The flow of diameter, or slot height, (dy) discharges at an initial velocity
(uy) into a free stream of velocity (ug,). The flow field is characterized
by three distinct regions. Region 1 consists of a turbulent mixing layer
which penetrates into the uniform parallel flow originating at the jet
discharge. Upon disappearance of the potential core, the mixing characteris-
tics undergo transition (Region 2) until at some distance downstream of the
discharge plane the velocity profiles transverse to the jet axis become
similar (Reglon 3).

The dependent variables of interest in the mixing problem are the stream-
wise velocity (u), the transverse velocity(v), the static temperature (T),
the turbulence energy (e), and the constituent mole fractions (uy). If trans-
verse pradients are large, with respect to streamwise gradients, the equations
of motion describing the flow field may be reduced to boundary laver form,
For plane or axisymmetric flow, the governing boundar’ layer equations appli-
cable to the free mixing problem are shown in Sections 4.3.1 through 4.3.4
below.
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3.0 Continulty kquation

Apuy') + ey wtv')y"] 20

i 7 (60)
where: ¢ = O,Plane Flow
€ = 1, Axisymmetric Flow

where u and v are the streamwise and transverse mean flow velocitics, respoc-
tively, The term ~»'v'> reprecents the induced transverse mass flux of the
fluctuating portion of the flow. Using order-uf-magnitude arguments, Brad-
shaw (Reference 9) and Mellor (Reference 10) have shown that this term should

be properly retained in the beundary layer form of the compresgible equations
of motion.

4.3.2 Species Continuity Equation

3u1 I)ui 1 3 ueye Qui
g e calytsy ol o 2 o e L
Fu S + (pv + p'v's) 7 y’: 3y Sie oy (61)

where: 84, = effective Schmidt number

ke effective viscosity

4.3.3 X-Momentum Equation

The static pressure may be assumed cons.ant for the free mixing analysis.

in this case, the streamvise momentum equation becomes:

‘U _— u L t ' ,
vu (L Ty ) e e e Ly 62)
u N ¢ ) W DI Qe y (
: v

4,3.4 FEnergv Equatiun

The Energy equation in terms of enthalpy ‘s:

N 3h 1 g J1 e
— + RV R R e R - . PN r.vy —
LU (v ¢ ) 3y e (k‘/ Ty e’ Ty
y
'..eyL h, o, U , 2 . dpex e -
+ el el O B -~ u o = eV o)
I Sie Y _L:CJ Iy J dx X v

(63)

e i (G
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where: hy = constituent molar enthalpy
M = mixture molecular weight
re = exchange coefficient

The static enthalpy of the mixture may be eliminated as an iadependent
variable by using the following definitions:

=
Il

1 Zu h (64)
- 1By
Moy

- i
E c, = Ty G (65)
1

Differentiating,

. 3h 20
oh L. N S S SO |
% g Ty s Thy (66)
x M
2 i i
: oh 30
Sl o Ml M
oy M Zai ay +'ﬁ Zhi oy (67
i i

Using Lquation 64 and the species continuity Equation 61 yields the
energy equation in terms of the mixture Cp and the static temperature (T).

iy "oty Kl S S Y (I
pu C +(°"'<°">)Cpay‘ea(key éy)

P 9x ]
y E
3
< u C da \ W 2
+£:g@(rey€g_e)+,fﬁzgi3_i(ﬂ +_93(g—“ (68)
. ex _ de | versy 2e
7 “ix pu S (pv + <p'vy'>) =

The pressure, dengity, and temperature which appear in the above
equations are related tc each other by means of the perfect gas law:

P = pRT (69)

! where: R mean gas constant for mixture.
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The mean mixture heat capacity is considered to be a function of the
static temperature T. For constant R then, Cp may be related to the isentro-
plc exponent y as!

= YR
Cp omy) (70)
Specification of v as a function of temperature then enables calculation of
Cye
P

The Prandtl/Glushko/Spalding model which is discussed in the following
section has been incorpordted in Equations 61, 62, and 68.

4.3.5 Viscosity Model

Int~oduction of an eddy viscosity (up) permits expression of the local
shear stress in terms of an effective viscosity and the mean flow velocity
gradient,

T=T +T =u (3u/3y) = <(pv)'u'> (71)

T

(u + u)ou/dy = ugdu/dy (72)

Phenomenological models, such as the Prandtl] mixing length (Reference 11),
have been used to relate the "eddy" or "turbulent" viscosity (ug) to the local
mean velocity field, These models imply that the turbulence adjusts immedi-
ately to changes in meau flow conditions and that a universal :elationship
exists between the turbulent stresses and the mean strain rates., Experimental
data have indicated that there is a delayed response of the turbulence struc-
ture to sudden changes in mean conditions. The turbulent kinetic energy
equation proposed by Prandtl (Reference 12), and utilized by Glushko {Reference
13), and Spalding (Reference 14) provides a more fundamental modcling of the
"eddy" wviscosity., In the present work, the Prandtl-Kolmogorov relations,
as given by Glushko and Spalding, are used to relate the "eddy" viscosity to
the mean flow quantities, After Kolmogorov (Reference 15), the turbulent
shear iy taken as a universal function of the Reynolds number of turbulence:

Tc = paR (3u/3y) = u (3u/dy) (m
where! « = Constant = 0.2
Dﬁﬁd
Rg = Reynolds number of turbulence = R=:—L
e = Turbulence kinetic energy
L, = Length scale characterizing turbulence
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The "effective" viscosity is defined as the sum of the laminar and
turbulent parts.

Hg = 1 + ue = u(l + a Re) {(74)
C My
Defining a turbulent Prandtl number as Prt = u%aa, the "effective"
thermal conductivity is given as: t

. Lo (M) 2
ke - Cp“ [Pr + (u ) Prt] (75)

The above relations introduce the turbulent kinetic energy as an addi-
tional depeandent variable. The boundary layer equations cited prcviously
may be augmented by an additional partial differential equation describing
the consevvation of turbulent kinetic energy. Specification or calculation

of the chavacteristic length scale (L) then provides closure of the system
of equaiions.

4.3.6 Turbulent Kinetic Energy

The turbulent kinetic energy equation, discussad in Hinze (Reference 16),
represents the balance bectween the advection, diffusion, production, and dis-
gsipation of turbulent kinetic energy. In the Prandtl/Glushko (Reference 12
and 13) model, thc pressure-velocity correlation term and triple velocity
correlation term arising in the development of the turbulence energy equation
are combined as a "gradient diffusion" term. The resulting turbulent kinetic
energy equation is:

2
.gie; ! E:LL \'e~a£ ig -
Pu = + (pv + <p'v'>) 5y ye 5y (%e Y 3y> + ue (9y> Dy (76)

In modeling the dissipation term (Dg), it is assumed that the small
scale eddles responsible for the disaipation of mechanical energy are capable
of handling all the energy transferred to them by the larger scale motion.
The process is then assumed to be diffusion controlled, and both the exchange
coefficient (I'y), and the dissipation term (De) are expressed in terms of an
"intravortex” turbulent viscosity (D):

r, = uD (77)
c
D, = .(__UZB);- (78)
Lt

The coefficient, D, is given by Glushko and Spalding as:

D = 1+ anRy (79)
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where: n = 0,586 (empirical constant after Spalding)

The constant (C) in the dissipation term of the turbulence energy equation is
assigned the value 2.59 (Spalding) for cpplieation to the turbulent mixing
problem.

The principal uncertainty in the turbulence model resides in the charac-
teristic length scale assigned to the turbulence (L¢). A partial differential
equation for Ly, similar to the turbulence energy Equation 76, has been
derived by Rotta (Reference 17). In the present analysis, however, the
characteristic scale of the jet turbulence is assumed independent of the
transverse coordinate {y), and is expressed in terms of the geometric para-
meters of the jet. Experimental data are used to define the constants in the
model,

Referring to Figure 13, the mixing region of the single jet may be
divided into three distinct zones, In Zone ], the flow consists of a mixing
layer which penetrates into a core region where only small or zero mixing
occurs, The turbulence scale in the mixing layer is assumed proportional
to the width of the mixing layer (b) (References 18 and 19):

- -1
Lt(l)m = Ctl b(1+Ct2M]) (80a)

In the core reglon, however, the reference length for the scale calcula-
tion is more appropriately taken as the nozzle radius (rJ):

. -1
Lectye = Cex rg(1+C, M) (80h)

To provide 1 smooth transition between these two regions, the following
relations are used:

Lecy) = Lt(l)c r<.9rc (80c¢)

B _ r-.9rﬂ‘~ _ <
Lecy ® Ye(nye [.1(rc+b)] (Lt(l)c Lc(l)m) Ore<r<(reot.1b)  (80d)

In Zone 3, the velocity profiles are known to be similar. The turbulent
scale for this fully developed region is defined, after Spalding (Reference
14), to be proportional to local radius or half-height of the jet,

Leesy = Cesly (81)

The turbulence length scale in the transition zone (Region 2) is less
well defined than those in Regions 1 and 3, in that experimental data are
sparse or nonexistent, Two models are available for this region. In the
first, an exponential increase in length scale is assumed tou occur upon
disappearance of the potential core.
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Y
= "1 (X exp |%s (Cee * Cer M )J (82a)
Loy * s (1 + CtSMJ) (Lc)exp[tlo t6 ¥ Cer M

\

The end of the transition zone is calculated as the axial station at
which L¢(p) fivst becomes equal to or greater than Lg(3). The constants lo
this model must be determined from experimental data,

The second model assumes that the length of the transition zone is
equal to the length of the potential core (La), and that the length scale
varies linearly from the end of the core to the beginning of the fully
developed region,

-1/, X X
Leczy = CaYy <“'Ct2MJ) <2' LC> * Cegly (Lc l) (82b)

Calculations based on this model have generally been found to show

closer agreement with experimental data than those based on the wodel of
Equation 82a.

The numerical values assigned to the constants C¢y through C¢g are:

Cer = 0.23 Ces = 0.38
Cep = 0,38 Cee = 1.4

Ceg = 0.23 Cey = 0.43
Ces = 0,05 Ceg = 0.1875

Using Equatioas 77 and 78, the turbulent energy Equation 76 may be
written as:

i 2
ge et _a_‘;-'_si,_,_i, EES_ .‘_j..ll -S"‘_uage;
bu Tt (v ¥ T ¥y i 3y <UDY ay).+ Yt (ay> I2 (83)
t

4.3.7 Determination of the Jut Edge and the Core lengih

The determination of length scale and the location of the "effective"
length of the core requires the location of the outer and inney edges of the
mixing zone. Conventionally, the outer edge of the mixing region of a frec
jet is taken as the radius where the jer velocity approaches the ambient
stagnation condition within a given tolerance. The inner edge is normally
taken as the radius where the flow is no longer uniform and parallel. When
velocity gradients exist in the core reglon, as in the case of the plume
model, the conventional definition of the inner mixing zone radius is no
longer valid. 1In this situation, the concentration of the ambient air is
used to locate the iuner edge of the mixing region. The Inner radius is
taken as the coordinate where the mole fraction of ambient air has reached
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4 value of 0.0001 due to turbulent diffusion. The core length, in this in-
stance, then becomes the point where the mole fraction of amblent air hecomes

> .0001 on the jet axis. The outer edge of the j:t is acbitrarlly defined as

the point where the velocity relative to the free-strean velocity Is 0.02 of
the centerline velocity.

4,3,8 Boundary Conditions

Considering the jet to be symmettic about the line y = 0, the applicable
boundary conditions are:

iy = Su _de T, 1,
Gy=0 Sy S 3y S 3y~ Oy T 0 (symmetry) (84)
@y =Y. u = Ug i

T = Tox

e = Cex

9y = Oiex

4,3.9 Transformation of Differential Equations

The preceding equations may be cast in a more convenient form by nondimen-
sionalizing with respect to the primary jet diameter and the discharge flow
tield variables Ups €ps Tp. The requisite relations are:

XEL, Yg.gx. (85)
d d
P p
u \ e I\
Ui VE o BEg U
P p p p
V.gy‘._.
u
p

Substitution in Equations 60 through 63 and Equation 83 vields:
Continuity
3
I(pUY ) _8___ NP RTARS €y o
=t 2oy eV VI =0 (86)

X-Momen tum

ax 2

. i ip
sy \ pryrsy 2U 4 )8 v oU)  po Coex
ol + 2(pV + <p'V') -—( 5y (ueY > I (87
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Turbulent Kinetic Energy

GE 3 ¢ __1’. . ‘3=_ € ._3=E
U3yt 2(oV + «p'V >) ——) (HDY BY)
udy
PP
4u 2 ucDhd E
T I AUy . p (88)
g d e aY L2
PP ol
Species Continuity
€
oa da b Y do
ﬁi 1y L[4 3 [ e 1
PUgx ¢ 2V TV g e Ye) W\S, W (89)
ie
PP
Ener;s
e 4 3 ¢ 20
pU 3 + 2(pV + <p'V'>) - ) ey ﬁ_,)
T cudys/ ot e
p
vy _ex, “ep 3 (e 2E) . “upe 2u)\?
036 & T \curays) W\ ? C g IT d_J\o¥
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4u . C da e
< _pi 138\ p . 3E varr O
Y ZS ( ) c T (Uax+(°v*‘°v>)ay (90)
i

w5y -0 (91)




The continuity Equation 86 may be identically satistied by introduction
of the stream function coordinate (y) as one of the fudependent vaviables
(Von Mises transformatfon), Define a modlfied stream function, satisfyving
contloufty, as follows:

W sz\’ ,ax~-(pv&40\?.)Y (92)

Introduce the following new variables:

]

E(X) , ¢ =X
. ¥(X,¥)

€
i

Then, using the chain rule, the following operators may he defined:

d_ . 9. rutay S
X~ ap PV etV
a__1 €49
w -2 W 5y

Using these relations in Equations 87 through 89 removea the transverse
velocity components (v, V'), resulting in the following final set of differ-
ential equations:

X-Mome ni: um
2 (A N2 (e ) B Tex. (9%
? updp 3t \ Ve v L\Uupz dX y

Turbulent Kinetic Energy

Sk 1 d ,20 AE
—_l = ————— —— o U —
R) (u d > NX] (l'd' i 1)‘&)

P
u u ) 2 g bd
+ Dt pUYZL KAV R - (94)
g Jd e Y 2
¢ pp nUupI.t

Species Continuity

da u £l
L _[_ 1 ve [ ¢ ,2¢ i
X /u d aw<s oY Y] ) (95)
% le
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u Ja e 3
+ ¢ e\~ Cpi _ 1 (38) (°p \3E :
(dun'c PuY )Z 3. ¥ (aw) (c'r)ax (96) :
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Taking the lower boundary at the zero streamline (¥ = 0), the boundary
conditions become:

a
QU J3E 38 1
@v-0 S v 37 "0 (97
@Y™ ¥y U = Uex
E o= Eox {
0 = Sex .
F |
@y = Qax 3

The physical coordinate Y can be recovered by integratiocn of Equation

92 from ¥ = 0 to a given streanline: q
§ :
e 2 (98)
0 3V

4,3,10 Numerical Solution of Differential Equations

The system of nonlinear parabolic differential Equations 93 through 96,
along with boundary conditions and suitably prescribed initial conditioms,
represents a properly posed initial value problem. The solution may be
stepwise advanced in the positive X direction using a finite difference
approach. The implicit numerical technique utilized in the present investi-
gation closely parallels that of Patankar and Spalding (Reference 11). The
general programs of these latter investigators were not available at the
inception of this project. The differences between the two approaches arise
primarily in the type of finite difference mesh and the methods of control-
ling the streanwise stepsize.
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The Patanker method uses a fixed dimensionless streamline grid., The
streamwise stepsize 1s controlled by explicitly monitoring the flow entrain-
3 went over a given step., In the present work, streamlines are added in a
systematic fashion to cover the entire flow field. The streamwise stepsize
is related to the local geometric parameters of the jet such as the width of
the mixing zone or the distance to the effective edge of the jet,

The partial differential equations are all of the general "diffusion
equation” form:

9F _ 3. (g 2F , 3F
€3¢ ™ 93y <é 3W) +y+6F+n 5y (99)

where F may represent any of the independent variables (U, E, 6). The equa-
tions are coupled principally through the normal derivative terms., Hence, a
sequential solution technique may be utilized as opposed to direct simultan-
eous integration, The specific procedure consists of initially formulating
the differential equations in terms of linear difference equations. The
linearization is affected by evaluating the coefficlents of the differential
equations at the known upstream mesh points. The X-momentum equation 1s first
solved for values of U and 3U/3Y at the downstream station. Using these
quantities, the turbulent kinetic energy equation may be integrated to deter-
mine E and 3E/9Y. Finally, the energy equation may be solved using the
resulus of the preceding two solutions,

An implicit finite difference procedure is utilized to effect the solu-
tion of the above Equation 99. Consider a grid network as shown in the
following sketch:

T m, n'+ﬂl - 7 - m+1l, n+1
Afo
T m, n m+ 1, n
4%y
{m,n-l m+ 1, n-~1
fe—————— —
I ax 11

Conditions are known at station I and are to be determined at stacion
11 by solution of the following ejuation:

oF 3F

. oF IF
€ 5% = & 3y (8 37)‘+ y + §F + n (100)
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For the mesh fndicated 4n the above sketch, the X derivative wmay be
approximated by & bactward difference and the Y derivatives as noncentered
J-point differences in the following fashion:

aF (Fm 1,n m,n)
-ST( = A)\ (101)
A (F SF . ) #avi(F . -F )
ofF "1 ukl,ndl wklen 2  mbl,n mblu-d (102)
¥ 2. 2
(AWluw2+AW2A¥l)
2 ¥y ¥ -
o2 A E L A Y P 0y (103
2 2 2
' (Ale*2+szAv )
Substituting these derivatives in Equation 100 yields:
[(m+k)A?2=RA? ¥ +HleH (AT +OY )+(m+k)(Aw2=Aw2)=¢Ax]F
2 2 mrl,n-1 172 172 m-1,n
- u - AX R
[ (arkk) 29 =AY ]Fn+1,n+1 eFm’n+\ X (104)
where: k=t 7-298AX2 '
’ we A ]
(AilA“Z A?ZAhl)
913
. o (3% ax
mea S u=~§-=~w-—-~—*
’ (AY¥ AY2+AW AN )
- S 1, S
Fm,n ,2 Wl
(\wl 2+A \vl)
Evaluation of the quantities = ,u,s,y,8,1,F at the known station 1
results in a set of linear simultaneous equacions of the form:
. ; = 105)
dnl‘mkl,n‘-l * bnl‘m+l.n + gnFm+l.n+l ne 2 (

where:d

a(y)
b(i)
g(v)

h( :)

1

= ‘Pm,n

(nrbk) &

2 .
2-1Ax2

. 2
CHE (0% ik ) + (k) (AF]-3¥5)-8AX

= (artk)

)
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Inclusion of the boundary conditions in finite ditterence form closes
the system of linear alpebraic equations. For most cases, the wse ol forwad
or backward differences at the boundaries is adequate, The boundary conditions
may then be written In a general form as the linear combfoatfou ot the depen-
dent variable F und its ¥ derivative,

d¥ ‘

v { o = - 6 )

CFL oy Gy Yy n=1 (196
LI e

fnFy * 0y (G

The coecfficients corresponding to a, b, g, b in the preceding expros-
sious are:

3 =0 ay Ay

b1 =6 - WI/A¥ bN =gyt nN/AWN
B, = nl/l\‘é1 By = 0

hl = .\l hN = )‘N

The resulting set of N simultaneous equations may be written in the
concise matrix form as:

I'F =1 (107)

where: F = Solution vector

J = Vector of righthand sides

Since the U matrix is tri-diagonal, the solution mav be readilv obtained
vielding the new values of F at station 11,

4.3.11 Representation of Jet Propertivs and Initial Profiles

Nozzle exit plane measurements of aerodvoamic and thermodvinamic prover-
ties are uwsed as initial conditions for the jer flow field calculations,
[he preparation of initial profiles {n the form required by the analvsis is
performed in subroutine JETPRF., ‘the jet is divided Into as manvy as eleven
annular rings at the nozzle exit with one corresponding to each rvadiai ,as
sampling station. The gas originating in each region is identificd as a
distinct specie having properties determined from the appropriate vas
sample.




The dividing radius between adjacent rings (s set as the root mcan
gquare of the two sampling radii, and 1nitial profiles of velocity, tempera-
ture, and heterogeneity parameter (C) are set using six points in each ring
along with two points in the free stream (external flow). The profiles are
"smoothed" somewhat by interpolation at the Interface between adjacent rings
to avoid abrupt discontionuities in the flow properties. The initial turbu-
lence intenstity s specified by the user.

S
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4,4 CONSERVATION OF THE HETEROGENEITY PARAMETER

The concentration fluctuations that occur at a point in the turbulent
nonreacting flow of a gas of nonuniforwm composition can be characterized
statistically by a mean square intensity. If the local concentration (mass
fraction) of a particular compoment is represented as the sum of mean and .
fluctuating quantities: 1

Fw<F>» + ¥ (108)
then the mean square intensity is drfined by:

. 212

G = <F' "> (109)

A transport equation for G can be derived by multiplying the complete species
concinuity equation (for F) by F', tims-averaging, and applying the boundary
layer approximations. The resulting ecquation contains terms which represent
the convection, diffusion, production, and dissipation of G. Unfortunately,
these terms introduce additional unknown turbulence parameters (statistical
correlations involving velocity and concentration fluctuations) which must
be approximated in terms of quantities which are known oy can be determined.
It should be noted that the same situation is encountered in the formulation
of the turbulent kinetic energy equation for the JETMIX flow field analysis
(Section 4.3). The modeling procedures established by Spalding (Ref. 5, 6,
and 7) have been utilized to obtain the following "simulated" form of the
conservation equation for G:

e

30 G

pu %%‘+ (ov + <p'v'>) %T

L.-——————ﬂa(%—'—'-ﬁ/
convection

skt i b

1 ( bg - ﬁ(_;) JF 2 ut
e R + C., U (T‘} -~ C ——2 U (110)
“ Y R)S N GG ) ay g Gl t oY \jZ (ﬂ.c. Lt ) B
diffusion production dissipation
where the brackets < - have been dropped from mean quantities for clarity

and the exponent ¢ is given by:

={0 Plane (2-0) flow 3
1 Axisymmetric flow .
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The eddy (or turbulent) viscoslty (o ) ls determined from:

uy = atpe]/“ht (11

where o is the turbulent kinetic energy anc g is the turbulence length
scale,  The quantitles C;p, Cuy, op, and ogp dre constants.

The boundary conditions to be applied to the suluticu of Eguation 110
are:

3G
Y = O = 0 (symmetry) 4
N .
(112) 3
YorYext G = Ggy (external flow) :

In a multicomponent gas flow, Equation 110 can be used to calculate the
distribution of concentration fluctuation intensity for any species for which
the disteibution of mean concentration 1s calculated. In a gas turbine engine
rxhaust plume, the gas composition can be characterized by the local fuel

vongentration (¥) and mean-square fuel concentration fluctuation intensity
),

Equativn 110 can be solved simultaneously with the continuity, specles
continuity, axial momentum, energy, and turbulent kinetic energy (TYE)
equations to obtain a description of the jet flow field. However, since
the solution of the mean (low and TKE equations does not require knowledge

of G, equation 110 can be uncoupled ftom the others and solved independentl]vy,
usine the previcvusly determined solutlons ot

Do

the remaining coupled equations,
Thix Is the approach tnaet was chosen in the present situat.on, primarily 2
because ot the availabilicv ot the JETMIX computer program for solution of

the mean flow and TKE equations. A separate computer pro ~am (SFALDC) was
developed to numerically solve the partial differential equation for o, using
the JETHIX tlow tield detfinition as input.

The partial difterential equation and boundarv conditions for determing-
fien of f0can be cast in more convenient form by nondimenslondlizing with
resipect te initial jet diameter (dp) and initial et axlal velocitvy (ur).
Detine the tollowing variables,

X = -, oy = &

d' (ﬁ‘ (1t
; ».l . . ‘.|_\-'
. , Vo= , Vo=

|
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Substitution in 2quation 110 yields:

) {,(J‘ J [ e« ty! BG
bu e + 2 (v e'V'>) Y

S SN S § LTIV ¢ (114)
up d;, Yt) 9Y \og )Y :
4 Co1oa 52 (Ce2 Ve 9
up dp oY al L% u,
The bondary conditlons become:! :

Rl
aY

|
~
o

(115

Yoo Yaut G Gex

Recall irom Section 4.3 that the continuity equation is identically
satisfied bv the introduction of the stream function coordinate (i) as une ;
of the {ndependent variables (Von Mises transformation). The stream functionm :

is defined by:

tile)

Applving the transformation to X-+ coordinates removes the transvel=c velooit
compenents (Vo V') rtrom PEguation 114, resulting in the toilowing tinal iorm
ot the partia! differential equation:




A& = 1 g“ Nt Ze.ﬂi
X (up dp> Y] (“63 pUY aw)

1

2
CGl by 2e QE F
7 + (up q, pUY ¥ (1
3 - (EG_)__ELZEP?>G
1 pUup ”t Lt F

Takiug the jet centerline as the zero streamline (¥ = 0), the boundary
conditiong become:

-=
#
4
[
[}
(o]

(118a)

L' Y wex: G = Gex (118b)

Equation 117 is of the general '"diffusion" equation form:

et G, e

3 36 )
2D (B -é—q;)+ § 4 G (119)

g 7 Yo

where:

o
1]

C v d

G2 "t p

<
i
¥

2 .2
pUu? “ Lt

The equatjon is parabolic in character, and can therefore be solved by a step-
by-step finite difference cechnique in which the solution propagates down-
stream through a series of axial stations (computation planes) from a given
inilzial conditicn at X = 0.

The generalized Crank=Nicolson (implicit) finite diffcrence procedure
employing Caussiaa eliminatlion (Ref, 20) is usuvd to obtain a solution to the
partial differential equation for G. Conslder the prid network shown in

6.4
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Figure 15. A backward difference is used to approximate X-derivatives and
central differences on both jth and (J+1)8t rows are used to represent ¢
derivatives, in the following fashion:

3G Gi+l,q - Gi,]
X AX

) 3G\ _ 38 .
* 3?'(?'5?) B¥2 [Bi+l, j+§ (Gi+l, g1~ Caa, j)
-8 1 (G -6 ’
1+, 1-3 ( 141, § 7 U141, jal)]

a(l=0) e
Wi [ i, 545 (Ge, g1 7 G,y

T8y, b (G, 7 G, J~1)]

Y + 8G =

. (120)

O (e, 5 * Sam, 5 Gun, g)

4 (16) (vi’ ; 0t 5y, 5 Sy, )

4
J

Note that the formulation assumes equal mesh spacing in the cross-stream
coordinate (¥). The value chosen for the weighting factor (0.0 < v < 1.0} in
the finite difference representation determine the character of the formuia-
tion. In particular:
0, explicit
0 1/2, Crank-Nicolson (implicit)
1, fully implicit

Collecting terms, Equatlon 119 is expressed in f{inlte difference torm as:

CRrj Gi+l, Lt ch Gi+l, it CLj Givl, j-1 = Rj
(121)
2 2§ (n-b)

where n is the total number of streamlines at axial station (i + 1}). The
coefficients are given by:
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URY) = = “(a¥)Z PLrl, 347

. AU (AK) 1 1 _
Coy = L4 07 Brar, gog * 8o, gep) - 00N S

CLy = = %Z-%%) Bi41, j-‘%
+ (1-0) (&%) 8y, j] Gy, g+ [%4&3 81, J_%] 61, j-1
F 0K vigp,  * (1-0) (AK) vy, (122)

Application of Equation 121 to mesh pointa j = 2 through (n - 1) results in

a set of (n ~ 2) simultaneous linear algebraic equations with n dependent
variables. The system is closed by expression of the boundary conditions

In finite difference form. The value of G on the jet ceaterline (v = Q) lIs
determined by passing a second-degree polynomial G (¥) through the first mesh
points, and requiring that Equation 11Ba be satisfied at the first point {i=1).
This leads to the expression:

-4
3

Civl, 17 3 V04, 2 Gi+1. 3 ()

The sevond boundary condition, Equation 118b, ig satistied by specityving:
Gial, n = Uex (124)

Equativons 123 and 124 can be used to eliminate the variables uisg 1 and
Gi4],n trom Equation 1el, vielding o set of (n-l) simultaneous
vquations with a tridiagonal coefficient matrix, Gaussian elimination is
then used Lo obtain a solution.

In addition toe specitied fnitfal (and external) boundarv conditions,
a tinite ditterence <olution of Equation 11Y requires that the coeflicients
(1, -y +, 7V be evaluated at each mesh point From equations 'll and 119,
it s seen that the tollowing intormation is theretore necded:




L

1. Physical characteristics of the nozzle exit (d,, np).
2, Acrodyunamic¢ properties (p, U, F, e, L¢) at each wmesh point,
3. Values of constants (Cgl, Cgly g, ;) in the turbulence model.

The information in the first and second items is obtained from output oi thue
JETM1X computer program. The nozzle exit plane parameters, which are
originally input to JETMIX as part of the problem description, are taken
dirvectly from the output. The aerodynamic properties are obtained by
streanwise interpolation between calculated profiles at tue JETMIX output
statfons. The values of the constants in item 3 can be gpecified through
input to SPALDG. The counstant ap must be set as:

ag = 0,2 (1.2%)

to mairntain consistency with the JETMLIX analysls. The recommended values on
the remalning quantities are:

C(;l = 2.7
Cio = 0.134 (126)
ag = 0.7

These values were taken from Refereuce 5, where they were chusen to yield
pood agreement of analytical predictions with the data ot Reference 21,

S5 MINING AND HOMOGENIZATIUN OF THE HETEROUENLULS GAS

he Jhanges in the detailed composition ot the two-part heterogencvous

vas due to mixing, homogenization, and chemical reaction throughout the plume

tlow tield are vomputed after completion ol “he steadv-state turbulear inert
pas jet mixing caleulation.  the precedure is to extend a computation tube
from cach area of the nogzle exit plane represented by a probe melsurement,
Jdetining the tube boundaries s0 as to maintain constant tuel tow in cach

tube.  Since the air entraioed inte the piume carries no tuel, ne new ooeg ot

tion tubes are vteated aa mixing proceeds.  The calculation procveds it
trom the noegele exit plane 1 axial steps.

I+ o omputation step tne terchatuyge of gases between adiacent tube
Is computed, usivg the tlow protiles generated by the precediapg stoodv--t ot

was det mixime caloculation as a jpuide.  In this interchange, the twe ot

ol the heterogenecus tlow are kept septepated; T.eo, ot gds Trow cne tnba
transported only inte the hot gas parts ot the adjacent tubes.  Amolent o

is comsidered oo ld pgas and 1s transported inte the celd pas oot 0 tae uto:

tube.

ol

. , "
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Atter the mixing interchange 1s accomplished, homogenization ol the pas
lo each tube iy performed by blending some of the cold gas into the hot gus
until the heterogenelity characteristic parameter of the two=-part gas agrevs
with the value computed previously for the stec-dy=-state turbulent mixing
flow fleld.

The chemfcal composition of the hot gas mixture {s altered by interchange

with the hot gases of adjacent tubes, and by introduction of cold gas during
homogenization, The composition of the cold gas wmixture is altered only by
interchange with the cold gases of adjacent tubes.

4,5.1 Definition of New Computation Tubes

The sulution for the steady-state turbulent fnert pus jet mixing rlow
tield is expressed in the form of tables of normalized radius and stream
function, velocity, mole fractions of the dummy gases representing the
initial flow in each computation tube, and other properties. The solutiovn
for the characteristic heterogenelty parameter is also etabulated, with a
different set of stream functions., A set of tables exists for edch of
several axlal positions throughout the flow field.

A definite locatlion for the outer edge of the flow fleld is required.
[n the original solution, the properties at the outer radli are feathered
smoothly Into the amblent flow, making the outer boundary Indeterminate.
Tne outer edpe 1s arbitrarily defined as the point wnere the mole fraction
vof the dummy gas representing ambient air is 0.9Y8. The value of the
stream function corresponding to this point is determined by interpolation.

Aftur locating the outer edge of the jet, the points at which flow
properties are tebulated are redistributed by interpolation so that an

approximately equal number of pointg id located within cach computation tnbe,

The normaliced stream tunction ¢’ is converted tu units ol pounds per
second by the tformulac

. 2 liby o,
' tae !

[T

where Lj and L oare the reterence velovity (tt/se) and diameter Clnches) o
rhe nitial exhausy jet. The normalized radius Y s converted to units ol
tnches by

k= = dut oy o

fac sgaatc ob tae radius 1eoaeed tor iaterpelation, because i1 0 mot

lie -ar . tlen wit: Cenpe U Ue o ~trean bunction than is thoe oondias.
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In general, the axial locatfon at which flow property proliles are
required does not correspond to one of the axial locations at which property
tables exist. It Ls necessary to construct tables at the present axial
position by Iinterpolatlion between available tables. The interpolation is
performed between corresponding entries of the tubles, without regard to
the values of the properties.

At each point j in the profile, the mixture molecular welght is computed:

;j = Zj Kij my (129)
1

where my [s the molecular weight of dummy gas k, and Xk | is the mole fractioun
of gas k at point J. The mole fractions are then converted to mass fractions:

mi
Yy = Xy (:TT) (130)
J

and the mass fraction of fuel at point j is computed:

Fy =3 Yy Fy (131)
k

Here, Fp is the fuel concentration in dummy gas k.

By the definition of the stream function, the mass flow between point
j and its lnner neighbor (J-1) is

.'.\\"j = xj - tjel (idh
The cumulative flow (the total flow inside of point J) > dummy y;as k i-
_ i L
"’ = - + Y W (“-3)
g T B 3 Mgy Y ‘

=2

and the cumulative fuel flow is

o . | .- e
w['.j = Z B ([L'l + l'i) .n‘: C] 3y
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To remove the effects of small continulty errors that mav have occured in the
numerical calculations, vach WFj 1s multiplied by the ratio of total fuel
flow in the engine exit plane to the cumulative fuel tlow In the present
profile at the outer edge of the flow fleld.

The computation tubes are defined as tubes of constant fuel flow. To
define the tube boundaries, the squares of thea radiil in the profile at the
present station are tabulated against the cumulative fuel flow, and the
values of radius are selected by interpolation at values of fuel flow that
correspond to the tube boundaries. Similarly, the flow of each dummy gas

1 in each tube is determined by tabulating cumulative gas flows against
cumulative fuel flow and interpolating. If tube n has inner boundary n und

outer boundary (n + 1), the flow of dummy gas % in tube n at present axial
station is

e

A —-— -
Wien = W (1) ~ Pkn (135)

A correction factor 1is applied to each an to maintain continuity of flow
of each dummy gas k; that is,

A e
Z: wkn } (wkk)xfo (130)

n

The total flow In each tube is also computed:

A A .
tn = Y Wkg (13N
k

The mean velocity and hetervogeneity parameter in tube n are Jdetermined
by numerical Integration with respest to commulative fuel flow:
n+i
. U T _
.J n _.._d_.-..l__‘_ H ] I
n -

wF(n+l) - Win

i
]

_[|+1
-1 ud ‘;\vr U39

WE(n+l) - Wig

The entrainment of mmbient air from the previous to the present axial
stativn is computed by the ditference in total airtlow 1n all tubes. The
air to be entriined is pilaced in an extro computation tube at the presious
stati-r.




A
Waa = z: (Way =~ Wan) (140)
n

The resldence time for chemical reactions in each tube is computed for
the axial step:

(at)y = (141)

Stz

4.5,2 Mixing and Homogenization

The interchange of gas due to mixing between adjacent computacicn tubes
in an axial step is derived from the dummy gas flows in the tubes at the
present and previous stations. The parameter am, 1s defined as the fraction
of flow in tube m at the previous station that 1s transferred to tube n at the
present station. In any one step, the interchange of gas is limited to
adjacent tubes.

In the following developﬂgnt, Wkm is the flow of dummy gas k in tube m
at the previous station, and Wkp is the flow of gas k in tube n at the
present axial station.

The relations used to evaluate the a's depend upon whether the tube is
located within or outside the "potential core'" of the mixing jet. A tube
is defined to be outside the potential core 1if the flow of the dummy gas
representing ambient air exceeds one percent of the total flow in the tube.

If the tube n is within the potential core, the flow of dummy gas n in
its parent tube is used to evaluate the 's.

~

z: Wam 'ma = Wam (142)
m

Lf tube n is outside the potential core, the total flow in the tube is used:

~
E: WTw tmn = ¥ (1+3)
m

Other relations used are tuel conservat....

i
g




2: Wem omn = Wen (144)
0

where Wg, is the fuel flow in tube n (constant by definition of the computation
tube), and the requirement that all the rflow in a tube must go somewhere:

Lo =1 (145)
n

The calculation of the a's proceeds from tube to tube, starting at the
centerline, If tube 1 is within the potential core, the above relations reduce

to:

~
Wip @3 + W12 a1 = Wy (146)

wfl a1y *+ Wgz a21 = Ve (147)

These equations are solved for agy:

w11 - f11

e T (148)
1m{wg)” M2

1f tube 1 is outside the potential core, this becrames

azy = u 149
w1 (gi2) - w2 (169)

The fraction of gas in tube 2 transferred to tube 1 must be within the limits
0 < a2] <1, and must not move more fuel from tube 2 to tube 1 than can be
moved from tube 1 to tube 2:

Wfl)
[v] < oo (150)
21 *'(“fz
with a21 determined, a)p is determined by fuel continuity
W
{2 (151)
"2 = (“fl) "21
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and

;= L= ayy

-

The tormulae tor tube 2 must include the mass transter between

Clha

Lubes |

Lt

and ¢ (already determined) as well as the transfer between tubes 2 ane 3,
tube U is within the potential core,
W )
VRS VI (R e
a2 22 21 We R "
P LT Vel ) e (153)
= 1
203\ wyp - g
Wp2
ur, & tube  is ovutsf{de the potential core,
A (‘ffl)
Weo = W2 + | WL - 1 W2 vl o
32 1':3 - - (]:)4)
r vy e W
(w“t?-)")w'll W3
Agdin, gy must be within the limits U - a4, - 1, and
'»-.'1,
132 _(““—;) (1 = a27) (133
\!H
AMrter deterninatica vr 3, s ds determined byorucl coatiauit
RN -
T e Cite
and
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DamloaeL = e lrne tabe 1= redacned, tule . Thefe s oL tromslorred
twoard tut - N,




Tube N absorbs all ot the flow {n the extra tube containing the entrained airg

I(N+LN = L (159

Once the a's have lLeen derived, they are used to construct the detailed
properties ot the heterogeneous tlow in each tube. The flows ot hot and
cold gases ‘n tube n at the present statlon before homogenization are
derived trom the flows in all tubes at the previous statlon:

FaY
. Wy = 2: Wim ugn Ym (leu)
w
~ -
LI ) Wi, tn (1 - vu) (Inl.

m

Similariv, the 1lows of tuel In the hot and cold gases are:

~
Wigg = z: Wig tma Flw ¥m (tb)
. m
N . . ‘
Wi o~ Z k‘['m tn Fem (L~ .\'m’ SRR
m

Vhe mean el ooncentration i@ tube o ab L0 preacnt Station -t




R i,

0
P = H (166)

gas after homogenization (¥) and the fuel concentra-
are derived from the value of the Spalding hetervgenelity
This {5 done by solving the equations

The mass traction of hot

tion in the hot gas (191.1)
parameter at the present staticn.

— ~ A A~ .
F o= K F“ + (1_ - y) F(‘_ (lb/) =
] G=y (F =k + (1 =-y) (F~F) (168)
The fractlon of the cold gas that {s transferred to the hut gas to accomplish 3
the homogenization is
% S
7= Lo (169)
E]

The composicion and entualpy of the cold and hot pases in tube n at the
present station are computed by the formulae

a~ 2:35 m %mn (L < yn) Win
: o s T - (170)
% (M} wc
: ) )
75 . . m b cnn ye Wrm # T %;Ji cm smn (1 = ym) Wim (171>
~ PaS N i
La‘“ y (WH + WC)

B N

ey ,
where cb represents, in turn, the concentrations of the chemical species
ZH» ZO' etc. and the total enthalpy

i n il e
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4.6 CHEMICAL REACTTON RINFTICS

The plume model computer program provides the user a cholce of two
analvtical procedures for modellng the gas-phase chemical reaction kinetics
that govern rhe consumption of €0 and the consumprton or generation of NOy
in the plume. Tn practice, tue two procedures have been found to produce
almost identical results under conditfons Found in afterburaer exhaust plumes.

The first procedure, GCKP, 15 a modified version of the NASA Ceneral
Chemical Kinetics Propram (Refsrence ). It provides a formal numericeal
solution of simultanecus differencial equations der{ved from a system of
23 molecular collision reactions, GCKP was included bhecause of the high
confidence 1in the accuracy of {its predictions, and the added capability of
examining such effects as departure of the radical pool from paeudo-
equilibrium and conversion of NO ta NOp,

Fne alternative procedare, SOKP, miakes use of some analvtlical approxi-
matlons to galn computational efficiency. The two-bhady colli-fon reactions
which determine the concentratious of the [ree radicals relative to each
other are assumed to be equilibrated. The decay of this radical pool is
governed by selected rate-controlled three-body reactions. The consumption
of CO and the generatiou of NO are computed independently by selected rate-
controlled reactions.

The consumption of unburned hydrocarbons 1s not treated by either of
the chemical kinetics procedures because of the formldabillity of the task
of constructing a svstem of reactlons and ratcs for the decomposition and
oxldatlon of heavy hydrocarbon molecules, Although such a system can be
found in the literature for meithane oxidation (Reference 22), researchers
confronted with more complex hydrecarhons have usually resorted to a 'global
reaction'" approximation (Reference 23). Rather than pursue this apptoach,
1t was judged that equal accuracy could he attained by simply comparing
residence time of the local gas mixture with empirically determined ignition
delay times for kerosene at the local temperature.

4.6.1 General Chemical Kineties (GCRP)

A general chemical kinetics computer program tor complex gas mixtures,
developed by David A. Bittker and Vincent J. Scullin of NASA lewls Research
Center, was adapted for use as a subprogram in the plume model computer
program. ONuoting from Reference 34, '"this progran can bhe used for any homo-
geneous reactlon 1n elrher a flowinp or a static system. Tt has the ad-
vantages of flexibility, accuracv, and ease of use. Moreover, any chemical
system mav be used for which species thermodvnamic data and reaction rate
constants are known. The program handles geveral types of recactions. These
include bimolecular o2xchange reactlons, unimoniecular decompositions,
bimoleculur decompusitions, and tae reverse recombination process., The
solutton method is a rapld one based on the implicit finite~difference
technique of Klieyel and Tyson. A unique step~size control svstem is used
to estimate the optlimum step-size for each step."
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Reference 3 provides a "complete description of the chemival kinetics
computer program and the implicit numerical Integration method ft uses. The
theoretfcal kinetics differential equations solved by the program are also
wlven tn detail,” There i3 no need to duplicate there descriptions here,

In modifving GCKP for use as a suhprogram, considerahle speclallzation
was performed. The chemi{cal reaction svstem, reaction rates, and species
thermodynamic properties, normally presented to the program as [nput data,
were 411 bufit 1uto the subprogram version, The fluid dvnamies optlons were
set so that the problem {s solved as a constant pressure adiabatic closed

reactor, with resf{dence time and Inftial pas temperaturc and composition
specltfed,

The chemical reactlon svstem included In GCKP 1s digplaved in Table 3,
along with Arrhenfus equations for evaluating rea tion rates. For some of
the three-molecule reactions, some species are known to be more efficient
collislon partners than others. Those third-body efficlencies that cculd be
vvaluated are shown 1n Table 4; all others are 1.0,

0 {s oxldized to C0p by two-hody reactions 1 and 2. Of these, reaction
I 1s dominant by factors of 10 or more, even in lean mixtures. The rate
expression for reaction 1 was derived hy fittingz arn Arrhenius-type equation
te the more complex expression of Dryer, et al, (Reference 24), The coin-
vidence is very close in the vange 1560 < T < 4500 R,

NO is generated by reactions 12 through 14, recommended by Fenimore
(Reference 25). Fenimore's rates were usrd for vreaction 14, but for 12 and
13, faster rates were taken from the leeds report (Reference 26)3. By this
mechanism, NO {s genervated by the attack of oxygen atoms on nitrogen molecules,

The relative concentrations of hydrogen and oxvgen atoms and hydroxvl
radicals are reguliated by two-body shuffle reactions 7 through ll. Rates for
these reaztions were obtained from Brokaw and Bittker (Reference 27), except
tor reaction 11, for which Hamrond and Mellor (Reference 23) were consulted,
These rveactlons are verv fast compared to the three-bodv reactfons, so are
vssentlally equilibraied at high temperatures. At lower temperatures,
departures from equilibrium are ohserved.

The decav of the radlcal pool toward overall equilibrium is governed by
cxothermic three-bodyv recombination reactions 3 through 6 and 15, Rate
expressions are those of Brokaw and Bittker, except llammond and Mellor for
reaction 5 with third-body efficlencies from the Lecds report.  Of theswe,
reactfon 3 predominates In stolchlometric and fuel-rich mixtures. Reactinn
15 becomes iInfluentlal {n lean miv:.res whcre molerular oxygen concentrations

v Blahy,

To consume the hydroperoxvl radical (HO) produced by reaction 15, four
two-bodv shuffle reactlons amony hydrogen~oxygen specles are provided
(reactions 16-19), On the recommendation of Brokaw and Bittker, an additional

whuffle reaction between 0 and nitric oxtde (NO) was Included to provide

for an observed senslitlizing effect of NO on hydrogen-oxygen reactions at low
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Table 3. Chemical Reaction System.

Peact fons Rate Constants (cas [nits)

4 50 b, T
1) O+ Ol .*Co, + 1 i, = 1120, 604212+ 22574 T43IRT
2 Co+ 0, .t 0, +0 k, = 2. 3(1012) 4BOON/RT ()
1) HA4+OH+M. ~HO+M Ky = 1.0(10 )1 (a)
- =02600
L) H, kM .t 20+ M k, = 11210 3ype v 200/RT (a)
S) H 40+ Ma -0 + M ke = 3.3(1015) 2780/k1 (b)
6 0+ 0+M L 02 + M kh = 8.15(10 ) ~1.22 (a)
7y OH 4+ H, -t H?n + 1 k7 = 22.1(10n =5200/RT (a)
. 14, —16snn/uT _
8) H+ 0, o~ ¢+ 0 kg - z.nb(lﬂ (a)
= - /
Y) 0+ 112 .7 O + 1 kg = 4,0 ’lﬂl ;) 10200781 (a)
0
10) n20 + 0 2= OH + OH km = B, A(lo13 ~18000/KT (a)
1) Hy4 .= OH+ OH k= 8. 01014y 4300N/RT (h)
12) N+NO«* N, +0 kp, = 3 1(101‘ =334/RT (e)
“ - /

1) N 40, =t NO 4O K,y = 6.4(10 ) Te 6250 /RT (o)
14) N + OH - * NO+H kl& = A.U(IO ) {¢'
) . 1300/RT

i5) H+ 0, +M." HO, + M k15 = 1.0(10 ) (a)
16) H + H02 - OH + OH klﬁ =7, 0(10 ) (a)
17) OH + u02 . n20 + 0, k17 = 6, 0(10 11 (a)
18) 0 4+ HO, It OH 40, k18 = h.0 (10 B (a)

- - 13,
19) Mo+ HO, ot H, 40, qu = 2.3(10 ‘ ()
200 NO 4+ 100 . = NO o OH kg = Lo (ar)
2y N0, Moo+ o K 7.z<1n1“ “1I30/R] (1)
N ()

22) N“z + 0 . * NO+ ”z lxzz = 1, 9(1013 -1060/RT (1)
: . _ | L4, 103n/u1

23) NO 4+ 0+ M o 7 RO, M *23 = 9.4(10 (W)
(a) Brokaw aud Bittker, NASA TND-704 (Ref, 27)  (dY Drver, ot. al. (Ref. 74

(b)  Hammond and Mellor, ATAA 71-711 (Ref. 22) (e) leeds (Ref 26)

(¢) Fenimore, l3th Symposium (Ref. 25)
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Table 4. Third Body Efflciencies.

3 Reaction No. Reaction No. Reaction No.
» M G)) _(15) (23)
CO) 4.5 2.0 1.0
E co, 8.0 7.5 2.1
- Hzﬂ 18.0 32.5 6.1
02 4.5 2,0 1.0
N2 3.6 2.0 1.4
OH 4.5 2.0 1.0
NO 4.5 2.0 1.4
H 1.07 1.0 0.75
1.07 1.0 1.0
H2 4.5 5.0 0.75

G i e oo g T A
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temperature, The laat three reactions (21-23) serve to rogcencrate KO (jom
the nitrogen dioxide (NOj) produced by reaction 20,

4.6.2 Special Chemical Kinctica Procedure (SCXP)

The SCKP chemical kinetics program was developed by Ceneral Electric
Company to provide a rapld calculation procedure for modeling the chemfceal
kinetics of hydrocarbon combustion mixtures. To provide computational speed,
the two~body collislon reactions, which determine the concentration of froe
radicals, are assumed to he in pseudo-equilibrium, The decay of this radical
pool toward overall equilibrium ia monitored bv a gelected set of rate-
controlled three-body recomhination reactions. The consumption of O and
the generation of NOy contaminants are evaluated independentlv bv dlrect
integration of the governing two~body €O and NOyx reactions.,

Chemical Reaction Svstem

The chemical reaction gystem utilized in the SCKP procedure consists of
a subset of the GCKP reaction system. The pertinent chemical reactions,
along with their rate constants, are shown in Table 5. As indicated by the
table, they are fdentical to those used in GCKP, with exceptfon of rcactlon 2,
which 1s expressed in terms of a recombination rather than a dissociation
reaction. The third body efficiencies for Lhe three=body reactions are
identical to those used in the GCKP program.

The three-body recombination reactions L to 5 each involve an equal
reduction in the molarity of the system. The progress of the reaction may
then be determined by monitoring the molecular weight m, using the fullowing
expression:

1 2
—E% < T (kY (OR) (M) =~ oy (H0) O+ ky (HY7(M) — k_ . (Hp) (M)

+ k., (D OYM) - k.3(OH) (M) + ka(u):(m; -k, () (7

+ k5 (1) (072) (M) = k_5(HO) (M)}

Converting molar concentrations to mole fractions and combining the
third~body efficlencies with the rate constants ylelds the following relation:

o
- om/pmT ' ot vyl + k!
Fe T TR 4R R Ko = kD gy T kg Ky o kD Xy, kg KK,
) (17%)
t ] 1) ] . - ]
Ry Moy kg Kg TRl Ko H RO Ry Xy = kD yeod

Bl
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1)
2)
1)
4)
5)
6)
7)
8)
9)

10)

11)

12)

13)

Table 5, SCKP Chemical Reaction System,

Reactions

H+ 0l +M - HZ“ + M

H+H+ M. H2 + M

N+ 0+ M. 00+ N
O+04+ M- 0 +M
£

H + 02 + M= H02 + M

H + H02 <= OH <4 OH

OH + HO2 unns Hzﬂ + 02

0O+ HO, === OH + 02

H + Hﬂz Pathg H2 + 02

CO + OH .=+ CO, + H
N + NO &= N2 + 0
N + O2 T NO + 0

N+ OH o= NO + H

Rate Constants (ces linits)

1

kg ~

n

3.13891(1077)
5.3 (10]

8.15¢10' %7

15

)

= 1.0(10%)e

7.0(1013)

]

f=a}

2,3(10

1120.6042T

3.1(101%)

12
6.0(1077)

= 6.0(101%)
13

)

.é(lﬂg)Te

4,0(10

13

k. o= 1.0010' 0yt

T.109,610594/RT
2780/RY

e

-1022

1306G/RT

2.486385262574.7GJ/RT
~334/XT
e

~h250/RT

)
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The hydroperoxyl radfcal (HO3) {s not considered a major species In the
SCKP procedure nand {8 s#liminated using the "ateady siate' approximation
dXppo/dtl,s = 0 in conjunction with the rate expressions for reactions 5
through 9, lisaing these reactlons, the effective rate constant for the hvdro-
peroxvl reactions may be estahliahed as:

-

‘ ke [HOL] )
Ry (§§> 2

e e d Th:
SIGN) (i
where:
/K X2 X X
, s\, Ko c %mae 0 fon o M2l
Kpem ) e wxs vk X YR TR
kis) (Ho ] ? K Yoz H “H i
)T ‘6 = 1
ka [H]1 2] (k‘=5 om + (k6 -~ kg) Ky + ky Koy + Kg X5)
(174h)
Equation 173 {is then rewritten as:
d %) )
= _\m/ .U_Ul__ ' - t ' 2 - ' '
T 0% S ¥on TRy Ko PR Xy Ry Kty Ny %
(175)

ot Vw2 v
ki3 Koy * kg Ky = Kl Koo+ ks Ky Koo

Integration of the Three-Body Rate Fxpression

The final relation for the three~body kinetics is a nonlinear first
order differential equation and cannot be Integrated in closed form. In
Reference 4, 1t was observed that reaction 1, which has the largest rate
constant, was the prime contributor to the heat release of the overall
combustion reaction. It wag further established that the combustion ratc
was proportional to the (H) (OH) product over a wide range of temperatures,
equivalence rattos, and combustion efficiency levels. The combustion
efficiency parameter (£) ls defined 1in terms of the molecular weight m as:

(5 ()
ISHES

Cc u

(}7(1\

where: M, Hc are the unreacted and completely recomblned wolecular weiphts
(Appendix A, Part 2).
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The condition i+ = 0 corresponds to the unreacted mixture molecular welght
resulting from the inef{icient combustion of the hydrocarbon to C0O and Hy
combustioa products. The conditfon R = 1 corresponds to the completely
recombined mixture molecular weight, Using the procedure followed iIn
Reference 4, the rate expression equation may be approximately rewritten
In terms of the combustion efficiency parameter 8 as:

gﬁ-ﬂn&-ﬁlg ' _)2.. - 2
& L A2 - (1-5, )] (177)

where! fuq -~ combustion efficiency level at full equilibrium,

The parameter A' is related to the forward rates or the recombination
reactions and may be expressed as:

V<o

11
Ill ' ' 2 1 . 1 2 _' - -
B R R L R %02} (mc m >
A' - - . - -

L)
m e (17R)

\

1f it is assumed that the integration time step (t] to t3) 1is small and
the parameter A' may be evaluated at the beginning of the step, Equation
177 may be 1Integrated in closed form to yield

> - 1
o 2(1 Seq)A At

(Z—Req-H + (Beq~ﬁ

%

)
_ 1
[\2 = 1] - (1..3 )

(179)
=4 (2«geq»al)e

2(1-B DATAE _ (5,5

where: At = t, - £

“le o A' are evaluated at t]

CO Congumption

The consumption of CO In the plume is evaluated by direct Interration of
the rate expression for reactior 10,

aX iy 1 '
T LA 180
dr “u K10 $¥co Xon T 7T Xeas Kt (186
10 - ’
k
(
whare Klﬂ = Ell*
-10

d1
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Using the carbon atom halance to «liminate the COy,

wu 3
Tl JX“G + b (181) E
where:
X
a=-p k X, + ———-) '
m L0 ( OH KIO 4

ok :
m 10 ¥y A
b n kg, (K * 2y, + X+ 2%y,9) f

fuel H/C atom ratio

=]
[}

Considering the coefficlent a4 and b constant over the tlme step,
Equation 181 may be Integrated in closed form to plve:

s A0
gy

(x.,1

colz ©

b alt b
4 = - -
([XCU]I a) € a (182)
The CO, composition may be calculated from the C atom balance, and the
H70 and Hy compositions adjusted to preserve the system molaritv at the
end of the time step.

NOx Generation/Consumption

The generation/consumption of the NOy contaminants i{s also determined
independently using reactions 10 to 13. As in the case of the hvdroperoxvl
reactions, the N atom {38 not considered as a major species and may be 3
removed from explicit constderation by use of the "steadv state' approxi- ;
mation dXN/dt!SS = (), The overall rate for the NO reactions may be writteun as:

. ' ) ' ' ot 2 ' . ' ’
oo Zom [kDyy Xy Xo (kyy Koo + kg X = gy Xy (KDyp Xy ¥ kg Xy
= I [ 1 3
de KXo+ (kg X kg Xy

(183) E
The differential rate expression is {ntcrgrated numerically over the
glven time interval using a Runge Kutta technique. At the completion of an
integration step, the molecular nitrogen and oxygen concentrations are
adjusted to reflect the overall stoichlometry of the NO reactions using:

N2 + 02;-_32 NO

RS




SCKP Calculation Proceduve

Initially, the realdence time for each atreamtube, av determined bv the
mixing/homogenization relattons, is divided Into a serfes of small {ncre-
mental time steps. The conditions at the bepginning ot the step are evaluated
using the glven mixture enthalples and molecular wefghts, After determination
of the full equiltibrium composition, using the procedures defined In
Appendix A, Part 2, the CO composition at the end of the Intermediate time
step 1s ev luated using FEquation 182. The pararcter 3 is then determined
by integration of the thre. body recombinat{on expression (Fquation 179),
Holding the CO and NO composition.. fixed, the composition of the free
rad! al pool is evaluated using a "pseudo-equilibrium" procedure, Finally,
the J9 composition at the end of the step is determined hy integration of
tiquation 183, The above steps are repeated for cach streartube until the
total regidence time is traversed,

4.6.3 Consump.ion of Unburned Hydrocarboas (HYCARB)

Ags indicated previously, the consumption of unburned hydrocarbons is not
considered by either of the chemical kinetlcs procedures, due to the
difficulty of constructing a general system of reactlions and rates for
the decomposftion and oxidation of the heavy hydrocarbon chains. The
hydrocarbon consumption is determined, rather, by accumulating the vesidence
time of the local gas mixture and comparing this parameter with an empirically
determined igniticn delay time.

Define a "reactive incipizncv” R for the hydrocarbon fuel as follows:

steps 1d
where: At = residence time [n a glven step
tid = 1{gnition delay tilme at the local conditicns in the step
The "reactive incipicney’ is accuwnulated at the initial temperature of the

time step. When the cumulative reactive Incipiency [n a given reaction tube

becomes greater than or equal to 1, 1t [s assumed that all of the fuel burns

instantaneously and completely to €0 and Ho, From Reference 28, the {unition
delay relation (kerosene) was glven as a function of temperature hv:

t

(~17.671439 + 40290.88/T)
1a = €

(185)

The accumulation of the "reactive Inciplency' of the 1uel fn hoth the
rich -nd lean fractions of cach reactivy tube 18 carrfed out for everv
mixing/homogenization step, [o properly account for the mixing transfer of
raw fuel, the hydrocarhon is weighted 28 follows:

w6
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W R
ﬁ‘ - 1 i1 (186)
) wcot
J
where: w( rew fuel of reactive Inciplency R[ transferred to tube

Ry ~ "reactive Inciplency" of raw fuel [n tube {,

In equation 186, Wenty Includes the fuel poured In i:om the adjacent
rich or lean fractlon of the pertinent atream tube belng considered. The
rationale behind the R4 weighting function is that the hydrocarbon combustion
is normally characterized by an Induction period during which the frae
radicals build up by manv orders of magnitude. tuel with high "reactive

incipifency” carries radicals with {t, thus catalyzinyg the fgnftion of cther
fuel present In the react!fon tube.
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4,7 SUMMATION OF CONTAMINANT FLAWS

At selected axial locations, an analysis of the profile is performed to
evaluate the overall residval levels of gaseous contaminant emissions and
to derive properties of the flov in Lndividual tubes for comparison with
measurements,

The radial locations of the computation tube boundaries at the selected
station were determined during definition of new computation tubes, section
4.5,1 above. The tutal gas flow W, the mass fraction of hot gas y, the fuel
concentrations Fy and Fe In the hot and cold gas parts, the static enthalples
hy and hg, and the concentratioas (moles per pound} of chemical species Zic
{n the cold gas were determined for each tuhe by the mixing and homogenization
calculations, Section 4.5, The chemical composition of the hot gas in each
tube, also evaluateu by the mixing and homogenization, was subsequently
modified by chemical reactions, Section 4.6,

The profile analysis is done by analyzing each computation Lube in turn,
beginning at the centerline of the plume. The temperatures of the hot and
cold gases are computed by trial and error. The temperature is estimated,
then the enthalpy of the gas mixture at the estimated temperature is computed
by the methods given in Appendix B, Part 3., This enthalpy 1s compaved with
the known enthalpy of the mixture, and the temperature estimate is revised
te produce agreement., The molecular weight, m, the specific heat, Cp, the
specific volume, v, and the specific heat ratio, v, of each gas mixture are
also computeu by the methods of Appendix B, Part 3,

The average fuel concentration in the two-part gas stream is computed

using (initially) the mass {raction of hot gas that exists in the free
stream:

FeyFy+ (1-y)F, (187)

¥

The fuel-air ratio is £ = (1 + 1) (i—:ffﬂ (188)

Similarly, other average properties are computed:

voEy vy * (1 - y1 v, {189)
._]: = v ( ]_) i (1 . y) (%_) (190)
m Ty c

ZpEy Tt (t - v) Zic 1 = H, 0, W,, ctc. (iel)

The local emiss 1s Indlces (pounds contaminant per pound fuel) in the tube
undsr snalysis are:

BH

=
=
=
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_ ™o “co (192)
B Zye (193)

_ ™nop (o + Bv0y) (194)
NOy =

To compute the pas analyzer readings (parts per million by volume), the
average gas composition is converted to mole fractlons:

Xi =m /.i t = H, G, HZ‘ etc. (195)
Hydrocarbons and nitrogen oxides are analyzed without drying the sample:
= 10/ % 6
Ryc = 10 ¥y¢ (196)
=10% X, + X, ) (197)
RNOX xNO xNOZ
CO is analyzed with the sample dried to 32° F saturation: 7
, ) 107 X4 (198) '
3 RCO - -
= 1.006202 (1 -~ XHZO)
%
= The tube area ls compured from the radlal position of the boundaries:
= Az,,(rz_l.Z) (199)
o i
g Velocity {s computed from mass continuity:
=
E_ -
E WV
= v
E U= A (200)
E
=
% Fuel flow in the tube is
E W = FW (201)




The apparent Impact pressure and total temperature that would be measured

by impact pressure and aspirated thermocouple probes immersed {n the two-part
heterogeneous stream are calculated by the methods of Appendix A, Part 4.

The mass fraction of hot gas in a gas sample drawn from the stream {is also
computed, after which the calculations of mean fuel-alr ratio, emission :
indices, and analyzer readings are repeated using this value instead of y.

When all computation tubes have heen analyzed, the total flows of fuel

and contaminants In all tubes of the profile are computed, using local fuel
flows and emission indices computed from the free-stream values of y:

(wf)T =wa (202)

(wc0)1'==§:‘qf ET., etc. (203)

The overall emissions {ndlces are thus

_ Weolr

(ET,. ), = ————m ate, (204)
Cco’T (wf)T
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4.8 OVERALL DESCRIPTION AND CAPABILITY OF INTEGRATED MODEL

The analvtical procedureas just described were combined to form a model
of the exhaust plume of an afterburning turbojet or turhofan encine. 7The
model represents those features of the gas flow which influeice the consump-
tion of gaseous contaminant emisgions in the plume, These features {iunclude
the time-averape turbulent mixing of each element of the axisymmetric exhaust
jet into the adjacent elements, and the mixing of the ambient air into the
hot pas; the time-varying composition (heteropeneity) of the pas tiow past
each point In space; the generation and decav of gas heteropeneity in the
plume; the alteration of instantaneous pas composition by mixing with pas from
adlacent prarts of the flow and by homogenization; and the consumptlon of pasuous
contaminants hy rate~limited chemical reactions.

Inpvi to the mndel includes data from a probe survey of the enpline
exhaust stream, togethier with properties ot the fuel and ambient air and
parameters of the englne cycle, Based on this input, the model predicts
profileg of velocity, fuel, and contaminant concentrations at various axlkal
locations ¥~ the plume, plus overall residual emissions indices derived
from integ.ation of these profiles.

Input to the model includes data from a probe survey of the engine
exhaust stream, topether with ptoperties of the fuel and ambifent alr and
parameters of the englire cycle, Based on this {nput, the model predicts
profiles ot velocity, fuel, and contaminant ccncentrations at various axial
locations in the plume, plus overall residual emisslons indices derived from
Integration of these profiles.

The plume model has bzen encoded In FORTRAN TV lanpuage for machine
computation on the Hon~vwell 60N0-geries computer., A complete description
of this computer program is contained in the Computer Program User's Manual
which s Supplement 2 to this report.

The primary use intended for the model is to estimate the true residual
emissions releagsed 1nto the atmosohere, based upon emissions meagurements
made at the atterburner exhaust rlane. This procedure is useful In appli-
cations where direct sampling of the mixed and cooled exhaust plume is not
practical, such as engine tests in enclosel test cells, The model is also
capable of accommodating a moving environment, which makes 1t useful in
estimating contaminant consumption in the plume under high-altitude, high-
speed flight conditiens for exhaust jets with reasonablv uniform static
pressure distributions.

The accuracy of the model has been established by comparison with
experimental data obtained under thls program elsewhere, These comparisons
are presented in Section 6.0,

The analytical model {n {ts present form does a good, but not perfect,
job of predicting the consumptlon ot emissions in the plume, The model was
compared with e¢xperimental data from only turbojet afterburners, not mixed-flow
turbofan augmentors. When data for turbofan engines become avallable, the
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model should be verified for thig typ2 of augmentor also. In contrast to
some analytical modeling efforts which proceed from relativelyv simple models
to more complex and sophigticated treatments, this model began with a very
gophisticated Iinitial structure and simplifications were searched for as
work progressed., The importance of taking this approach was thoroughly
Justified by the successful results. It was recognized at the outset that
this modeling problem involved very complex phenomena, including some for
which no experimental definitions were available. The adoption of the
already exiscing programs, JFTMIX and GCKP, was a very valuable starting
point, and the inclusion of treatment of time inhomogenelties proved to be
essential. Data were available on the character of time inhomogeneities in
the developed plume and were adopted in the treatment, but information on the
detalled time inhomogeneities at the end of the engine exit and through the
potentlal core do not exist, except perhaps ak can be inferred from this
present work. [t is believed that the =most frultful approach for improvement
in the accuracy of emission consumption in the plume lies in revised
representations of the time inhomogeneities in the early plume.

The present model, with some revision, could permit the examination of
additional time Inhomogeneity representations to approach a more perfect
agreement with measured data.
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SECTION 5.0

INITIAL AFTERBURNER EMISSIONS TESTS OF JB5~5 AND J79-15 ENGINES

The primary purpose of the Phase II tests was the complete plume map-
ping of the emissions levels from two different afterburning engines, a J85-5
and a J79-15. FEmissions were measured at radial locations to the edges of
the plumes and axially a2ft of the enginea to a point where temperatures were
low enough that reactions were complete and the true emlssions levels were
obtained. The two engines are representative of two different sizes of
afterburning engines currently in wide use on military alrcraft.

The following is a briefl descriptlon of each englne along with some
details of the afterburner components and function.

5.1 ENGINE DESCRIPTION

5.1.1 JB85 Engine

The original J85 engine was qualified in 1960 as the pouwerplant for
the GAM 72 decoy drone. Within three years, the first varsion of the engine
designed to power manned flight passed its Military Qualification Test.
Presently, J85 engines power a number of manned and unmanned military air-
1 craft, among them the Northrup F-5 lightwelght fighter and the T-38 tralner.
: A turbofan version of the J85 is also used to power twin-engined business
3 jets,

5.1.1.1 Engine Specifications

R

The following are the important specifications for the J85-5 engine:

Weight 584 1b
Length (cold) 104.6 in.
Maximum Diameter (cold) 21 1in,
Pressure Ratio 6.6

Airflow 44,0 1b/sec
RPM 16,500
Maximum Thrust (SLS) 3850 1b
Military Thrust (SLS) 2680 1b

5.1.1.2 Engine Description

The J85-5 engine is a compact, high-thrust, lightweight, afterburning
turbojet engine comprised of an eight-~stage axlal-flow compressor coupled
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directly to a two-gtape turbine. The engine incorporates a through-flow,
snmilar-type combustion system, controlied compressor interstage bleed, and
an afterburner with a variable-area exit nozzle.

5.1.1.3 Afterbumer Description

Thrust augmentation is provided by injecting additional fuel into the
diffuser behind the turbine, This fuel is ignited, burned, and ejected
through the variable-area nozzle. The afterburner thus increases engine
thrust by increasing the temperature and velocity of the exhaust gases.

The diffuser assembly for the J85-5 {s shcwn in Figure 16. This
assembly consists of a casing which houses a ceanter cone, flameholder,
and diffuser liner. Mounted on the diffuger liner are 16 shielded main
spraybars with integral flow dividers, 2 main spraybar fuel manifolds, 4
pilot sgpraybars, and 3 pilot spraybar manifolds, The single flameholder,
in addition to its function ag a pilot burmer, maintains the flame front
in a position that assures complete combustion of the exhaust gas-fuel
mixture in the afterburner.

The pilot burner spraybars are located at the 3, 6, 9, and 12 o'clock
positions on the afterburner diffuser assembly and are designed to initiate
afterburning and prevent aftevburner blowout. They spray directly into the
four flameholder air scoops.

The 16 main spraybars are the principle source of fuel for thrust
augmentation. They consist of three tubes and three orifices and a pressure-
operated valve (150 psig). They spray the fuel in a circumferential
direction just downstream of the forward end of the flameholder air scoops.
The afterburner fuel control schedules fuel to the main afterburner and pilot
burner spraybars, as a function of power lever position and compressgor dis-
charge pressure. The control also regulates, as a function of power lever
angle, the variable exhaust nozzle area until it 18 overridden by the turbine
discharge control system,

Figure 17 shows the J85-5 afterburner casing, liner, and variable
exhaust nozzle agssembly., The afterburner casing and liner provide the volume
necessary for the complete combustion of the exhaust gas-fuel mixture before
it is ejected through the exhaust nozzle. The variable nozzle provides the
exit passage for the exhaust gas stream. During afterburner operation, and
when exhaust gas temperatures {ncrease above the normal limit, the nozzle
area 1s increased. When the afterburner is not in operation, the exhaust
nozzle area is reduced for optimum engine performance.

5.1.2 J79 Engine

Design studies on the J79 were begun in 1952, and it became the world's
first Mach 2-plus powerplant, with eventual selection as the engine for
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several advanced aircraft, including the General Dynamics B~58 (the world's
first supersonic bomber), the Lockheed F104, the McDonnell=Douglas F-4, and
the Rockwell Intermatlional RA-5C., A comwmercial version, the CJ80S5, powers
the Convailr 880 and 990 commercial transport aircraft.

5.1.2.1 Engine Specifications

The following are the important specifications for the J79-~15 engine;
the J79~8 i3 the U.S, Navy verasion and has similar specificatlons:

i
3
E
|
§

Weight 3685 1b
Length (cold) 2208.45 in,
Maximum Diameter (cold) 38.3 in.
Pressure Ratio (mil) 12.9
Alrflow 169 1b/sec
RPM 7685
Maximum Thrust (SLS) 17,000 1b
Military Thrust (SLS) 10,900 1b

5.1.2.2 Engine Description

The J79~15 engine i3 an axial-flow turbojet engine with varilable after-
burnetr thrust. It incorporates a l1l7-stage compressor, of which the angles
of the Inlet guide vanes and the first 6 stages of vanes are variable; a
combustion system which consists of 10 individual combustion linera situated
between an inner and outer combustion casing; a 3-stage turvine rotor, which
is coupled directly to the compressor rotor; and an afterburnetr gystem,
which provides afterburner thruet variation through fuel flow scheduling and
actuation of the variable-area, converging-diverging-type exhaust nozzle.
The rotors are supported by three main bearings. Various engine systems
control engine thrust by regulating epvgine speed, vane angle, fuel flow,
exhaust nozzle avea, and exhaust gas temperature. Interconnecting signals
integrate the various coutrols so that the aystems function as a single unit
in response to the throttle,

; 5.1,2.3 Afcerburner Description

To initiate afterburner operation, the throttle must be advanced beyond
76.5 degrees and the engine speed must exceed 90.3 percent. Figure 18
shows the afterburner and exhaust nozzle assembly. The afterburner fuel-air
mixture is ignited by a torch igniter which extends into the exhaust duct.
The flame of the torch igniter is provided by combining fuel from the main
fuel manifold with air from the outer combustion casing. Flame stabilization
1s accomplished by three Vegutter-type flameholders.
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Figure 18, J79-15 Afterburner and Exhaust Nozzle Assembly,




Fuel is distributed by four fuel manifolds to 21 spraybars located in
the exhaust diffuser section, Afterburner fuel flows to the fuel pressurizs
ing valve consisting of four valves which divide the core fuel flow into
primary core and secondary core, and the annulus fuel flow into primary
annulus and secondary annulus. This division ensures that adequate pressures
are malntained to prevent vaporization within the afterburner fuel tubes.
Each pressurizing valve ports fuel to a fuel manifold, which delivers fuel to
the spraybars. Each spraybar contains four separate tubes, one for each
manifold. Holes in the sides of the tubes spray fuel Into the exhaust gases.
The primary and secondary core tubes inject fuel near the center of the exhaust
gas stream; the primary and secondary annulus tubes spray fuel into the
outer portion of the exhaust gas ctream.

The exhaust nozzle causes the velocity of the air stream to increase
by restricting its flow, The velocity of the exhaust gases past the throat
(smallest) area is limited to the speed of sound within the gases. The
exhaust nozzle assewbly consiste of 24 nozzle flaps and seals interconnected
by flap actuators and bellcranks to the support ring. Attached to tha sup-
port ring are 24 shroud flaps and seals. The support ring telescopes into
the outer shroud. Tnrough this arrangement, movement of the support ring
toward the rear of the engine caugses a simultaneous in¢rease in the opening
area of tha primary and gsecondary exhaust nozzles.

5.2 ENGINE TEST FACILITY

All afterburner emissions measurements on this program were conducted at
the North Site Test Facility at the General Electric Edwards Flight Test Center,
Edwards Air Fcrce Base, California. The North Test Site is in a relatively
remote location, normally used for acoustic and infrared testing.

All engine controls, instrumentation readout, data acquisition equip-
ment, and emissions analysis equipment were located in the control roomn.
Figure 19 is a partial view of the interior of the control room. The two
cabinets in the background contain the gas analysis Llnstrumentation. On
the right 1s the smoke measurement consgle, and the engine control console

is in the foreground.

The engine support structure, stressed for the F101 engine thrust level,
was mounted on the thrust table. The support structure was designed so as
to support any of the engines with thelr centerline 12 feet above ground
level. At that height, interference of the ground with the plume was pre-
vented out to the farthest measurement station.

Figure 20 shows the J79-15 engine mounted on the test stand at the North
Site Test Facility. The high temperature probe stands and actuators (w :h
probes removed) are mounted on a moveable table so that the stands can be
moved axially from the nczzle exit plane to a position 15 fest aft < the
nozzle exit plane. Use of this arrangement facilitated changing of . he
axlal location of the high temperature probes, In Figures 20, the low
temperature probes are zttached to the concrete pad at the 60-foot axial

station.
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The controi room at this test facliity is partially underground and fis
located 1out 60 feet from the engine. Total sample line leungth was as long
as 140 feet at the sampling station farthest from the engine. The engine

inlet faced generally into the prevailing wind, and the engine exhausted
over the dry Jake bed,

Englneering drawings were made and issued at Edwards for the engine
supp.rt structure and the low temperaturc probes, Drawirgs wers made and
issued at Zvenuale for the hirh temperature probes. A complete list of
the drawings prepared for this program ls glven in 7Table 6.

5.3 DATA RIDUCTION PROCEDURES

In the Phase 17 afterburner engine emissivns tests, automated data
acquisition equipment sad computerized data reduction procedures were
utilized as far as practical. The entire data reduction procedure was some-
what complicated by the face that, in order to calculate true emissions
levels, it was neceasary to properly account for variations in local flow
rates across the plume. The local flow rates were calculated from the
total and static pressuises and the total tomperatuvres., At axial stations
where the temperature was too high for total temperature and static pres-
sure measurements, the total temperatura2s were calculated from the gas
composition using an enthalpy balaace procedure, and the statlc pressure
vwas estimated to be the s.ame as the ambilent pressure. From rhe local flow
rate and gas composition, the local emission Flow rate and local fuel flow
rate were calculated. Integration of these Jocal values across the sampling
plane pave the total erission flow rate and fuel flow rate at that axial
station. Total emissi:zn index was calculated from the total emission flow
«nd total fuel flow at a particular station. The total integrated fuel flow
a: each station was cozpared to the measured engine total fuel flow as a
check on the consistency of the data.

The basic emission parameters f{concentrations, total and static pres-
surec) measured ot the exhaust plane werz also input to the plume model.
7he rmodel was then useZ o calculate emission levels at the locations
downstream of the nozele for comparison with the measured values,

A brief descripticn of the data acquisition and processing steps is
given below.

5.3.1 PCH System

The PCM (pulse code modulation) system 13 a digital data acquisition
system which was used to record all test data on magnetic tape. The test
data included engine operating data along with the plume data. After
appropriate preprocessing to convert to engineering units, additional

calculations were performed witbh the plume data using the computer program
described below.
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1)

2)

3)

4)

5)

6)

7)
8)
9
10)
11)
12)

13)

Table 6. Afterburncer Emissions Tests - List of Drawings

Drawing Title
Support Assembly (A/B Emission Test)

Modification - 193 Thrust Stand (A/B
Emissions Test)

Engine Mounting Systems - J79, J8S5,
F101 (A/B Emissions Test)

Mounting System - F10l1 Engine (A/B
Emissions Test)

Low Temperature Rake (A/B Emissions
Test)

Support Assembly ~ Bellmouth, F101
(A/B Emissions Test)

Sam;. ling Probe -~ High Temperature
Probe Support Body

Clanp -~ Probe

Arm - Support

Clamp - Tube

Clamp~ Tube

Tube -~ Cooling Detalls
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Drawing No.

Location

564117327

56J117329

56J117330

56J117331

Sheets 1 & 2

563117332

56E117333

4013100-805
4013100-807
4013100~808
4013100~-809
4013100-810
4013100-811

4013100-812
Sheets 1 & 2

Edwards

Fdwards

Edwards

Edwards

Edwards

Edwards

Evendale
Evendale
Evendale
Evendale
Evendale
Evendale

Evendale

A

g

o0 s

A o

Wmmmmmmummmnmwwrmummnwm\mwmm\ﬂammm L s



CAROL Program: The CAROL computer program was an adaptation of an
existing time=-sharing data reduction program which basically calculates local
compoaition and emission indices from the output of each analyzer (from the
PCM system) and the analyzer calibration data, which was manually obtained
before each test. The prugram was modified to include calculation of the
radial probe position.

The equations used in calculating local fuel-alr ratio and emission
indicies were, in general, those apecified in ARP 1256 (Reference 29).
However, a change was made in calculating local fuel-air ratio, in that the
ambient air C02 content was not assumed to be zern as in the ARP 1256, but was
taken as 0.03%, the standard air value. This difference was quite appreci-
able when samples were taken 1n very dilute reglons of the plume where CO}
concentrations approached ambient levels,

In order to calculate probe radial position, the probe was first set
go that its projection passed through the projected engine centerline. 1In
this position, the probe vrifice to engine centerline distance was a small
value, 2 (see Figure 21), The probe potentiometer was then calibrated
as angular position 6 versus potentiometer voltage. The orifice radial
distance, R, from the engine centerline could then be calculated from the law
of cosines, as shown in Figure 21, knowing the probing length L.

Output of the CAROL program was filed in the time-gharing system.

AREA Program: The AREA computer program was also a time-sharing
gsystem (T8S) program that used the CAROL output file for input. The AREA
program converts the radial position of each probe meagurement to an element
of flow area to be represented by the measurement, and rewrites selected data
in a second file. This program thus performed area veighting of the emissions
measurements.

The data filles written by CAROL and modified by AREa «~cre manually supple-
mented by additional information not derived from the probe measurements, and
were then transmitted directly to one of two batch computer programs, depend-
ing on whether tae low temparature or the high temperature probe system was
used.

ECT7 Program: Since temperature was not measured by the high temper-
ature probes, program EGT7 was used to calculate gas temperature from the
gas composition data. Computer program EGT7 1is an existing batch program
which calculates temperature using an enthalpy balance procedure. Basically,
the total mixture enthalpy is first calculated from the inlet temperature
and fuel-air ratio. An iterative procedure 1s then used to arrive at a
final gas temperature which causes tue sum of the enthalples of the individual
gas components to equal the total mivture enthalpy. Total mass balance
and pseudo-equilibrium criteria are used to obtain concantrations of Hz, Ar,
0, N2, and OL.




g

Probe

Engine 5

1
. L2+ (L + )2 - R2
Probe Cos 6 = ZL(L ¥ L)
Axis
t
Figure 21. Relation of Probe Angle to Radial Position. :
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Using the calculated temperature, together with the measured total
temperature and static (ambient) pressure, the local total mass flow (pounds
per second per square lnch) 1s calculated for each measured probe position,
Local fuel flow rate (pounds per second per square inch) is calculatzd from
the local total mass flow rate and local fuel~air ratio (from gas compoaition).
Calculated values are entered, along with the flow area represented by the
measurement, on a T§S file for subsequent input to program SCAPP (described
below) .

1 ’ EGV1 Propram: Computer program EGV1 1s used with low temperature probe
' measurements. Local flow calculations procedures are similar to those used
in EGT7 except that local total temperature is measured rather than calcula-
ted, and measured local statlc pressures, rather than amblent pressure, are
used. As with EGI7, an output TSS file is created for subsequent input to 4
SCAPP. '

SCAPP Program: The SCAPP computer program (TSS) obtains emission
indices directly from the CAROL output file and the local fuel flows and
areas from EGV1 or EGT7, as appropriate. The local contaminant flow rate
(pounds per second per square inch) and the contaminant flow, integrated
across the plume, are calculated for each contaminant. The integrated fuel
flow, along with the integrated contaminant flow, is used to calculate the
overall (or inteprated) emission index.

Figure 22 is a diagram showing the data processing steps. Raw data
from the PCM system was obtained on magnetic tape and subsequently trans-
ferred to computer tape. Processing by a tape reader produced a printout
of the raw data which was then examined for obvious errors. The corrected
tabe was then run through the engine preprocessor program and the plume
preprocessor program. The plume preprocessor program output wag put onto
paper tape and subsequently transferred to a file in the time-sharing system
(TSS). Up to this point, all data processing was done at Edwards Flight
Test Center. The GE time-sharing system 1s accessible from both Edwards and
Evendale, and subsequent processing was performed at Evendale. A permanent
record of all plume preprocessor output was made on punch cards.

3 The data was then processed through the CAROUL computer program, which
gave a printed output and also a series of output cards (2, B, C, P, and T)
for subsequent input to succeeding programs. Auxiliary programs NEWRAD and
ABE, shown in Figure 22, are described later in this report.

5.4 J85~5 AFTERBURNER EMISSIONS TESTS

5.4.1 JB5 Engine Setup and Instrumentation

The engine used was Model J85-5H, Serial Number 230-499, and was newly
overhauled with total accumulated running time of 4827 hours. Table 7 is a
3 listing of the engine and emissions iInstrumentation which were monitored by
1 the PCM system. There were 90 channels of the PCM system available for test
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Lnstrumentation, of which typically 70 to 80 were used. Selected chammels (up
to 10) could also be monitored continuously on digital meters. In addition to
monitoring on the PCM system, the output of each analyzer along with probe
position and total pressure were recorded on an eight-channel direct-writing
recorder (Beckman Instruments, Type RC Dynograph).

The testing proceeded as planned, with a total of 20 separate test poiats,
which consisted of engine operation at four power settings (military, minimum
afterburner, mid-afterburner, and maximum afterburner). At each of the four
power setting3, complete plume profiles were obtained at five axial stations
{(nozzle extt, 3.75, 7.5, 15, and 30 feet aft). The 5 axial stations corie~
sponded to approximately G, 3, 6, 12, and 24 nozzle diameters downgtream,

The J85 engine 18 normally limited to operation for five minutes at
maximum afterburning power. Since each test polnt required 40 to 50 ainutes
of engine vperation, excessive cycling of the engine would have been involved
if the five-minute limit had been followed. After approprilate ceonsultation,
it was decided to adhere to a 30-minute limit at maximum A/B, since this would
result in less total engine operating time. In addition, the congsensus of
opinion was that less engine distress would occur from the prolonged steady
operation than from the repeated cycling.

5.4.2 JB5 Emissions Test Data

The detailled emissious test data are tabulated in Supplement I of this
report., Tables presented there pive compusition, fuel-air ratio, emission
indices, total and statilic pressure, total temperature, and fu=l and contaminant
flow rates at each radial poesition for each test point. Selected parameters
are plotted in this sectlon of Volume I to illustrate the variation with radial
and axial position and with engine power level.

Table 8 1s a summary of the J85 engine test data. Each entry is the
numer ical average of all data taken for that particular test point., Most of
the column headings are described in Table 7. Note that WFAB is the after-
burner fuel flow. Amblent counditions of temperature (Io), pressure (Pg),
absolute humidity, and wind speed and direction were manually recorded at
varlous times during each test. In the case of a double entry in the wind
speed and direction columns, the numbers indicate maximum and minimum values.
In setting test points, throttle setting alone was used for the military power
condition. At the A/B power points, a total fuel flov was chosen and main-
tained in setting each power condition.

JP4 fuel was used for all tests. Fuel samples were taken periodically
during the Phase II1 tests and submitted for analyses. Table 9 gives the fuel
analyses for both the J85 and J79 tests. All values reported were within
limits given in Specification MIL-T-5624J,
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Figure 23 shows the effect of power level on the radial fuel-air ratio
distribution at the nozzle exit for Probe No. 1. A general increase of fuel
flow with pover setting occurs, with the fuel being injected mainly into the
annular flame stabilization regior. Figure 24 shows similar profiles obtained
at the 7.5-foot axial station., At this station, mixing has resulted in the
development of typical plume profile shapes. Note that this statlion 1s near
the end of the potentlal core, as previousliy planned, and, as indicated by
the fact that the centerline fuel-air ratio and temperature, is about the
same as at the nozzle exit locatlon, TFigure 25 shows fuel-air profiles
obtained at the 30-foot axial station. At this distance, the plume 1s quite 4
diluted by mixing with surrounding air, and concentrations near the edge of =
the plume are approaching ambient levels., It may be noted that the standard
air concentration for C02 (0.03%) corresponds to a fuel-alr ratio of about
0.00015. Data from Probe No. 2 ghows similar radial profiles, but are not
included on the plots in order to maintain clarity.

Figure 26 shows the NOyx radial profile at the nozzle exit plane for the ]
various power levels. Note that little NOy 1is formed in the afterburner at £
minimum A/B power. Some NOy is formed at the higher A/B power settings, mainly !
in the high temperature burning reglon. Figure 27 shows similar NOy profiles 3
at the 7.5-foot station, where the typical plume distribution has developed.

Note that the centerline concentration nf NOy actually increases between 0 and
7.5 feet even though the total NOy remains constant, as will be shown later.
The reason for the increase in centerline NOy 1s that the centerline concen-
tration is lower than in the surrounding annular region at the nozzle exit, and
thus increases with distance as it mixes with the gas of higher concentration.
Figure 28 shows NOy radial profile 30 feet aft of the nozzle exit plane ar
various power levels. As with the fuel-air ratio data, extremely low NO
levels were obtained near the edge of the plume, However, the NOy levels at
the 30-foot station geem to be high in proportion to the fuel-air ratio.

Figure 29 shows the CO concentration proflle at various axial distances
at minimum A/B power level. The centerline concentration vemains essentially
constant to the end of the potential core (7.5 feet), which indicates little
consumption of CO. Beyond 7.5 feet, mixing occurs into the centerline, and
the plume spreads more rapidly.

Figure 30 ¢'.ows the CO concentration profile at various axlal distances
at maximum A/B power level. In contrast to the data at miuimum A/B, the
centerline concentration decreases at each successlive axial station, indicating
congiderable consumption of CO in the plume.

Smoke measurements were made on the J85 engine at the nozzle exit plane.
Very little, if any, smoke was obtained, as judged by the appearance of the
smoke tapes. It was suspected that smoke was beilng lost, either in the sample
line or the pump, and further smoke measurements on the J85 were not made.
The sampling system is not well-guilted to the measurement of low smoke
numbers.

112




TR+ s

‘1 ‘uXN aqoad ‘hutdujy
c-cgFf ‘3IIXY STZZON 1B 0118Y JTV-1304 JO uUO1INQTIISIQ TBInEY WO 1792270 109X d 10 193511 Tgn oandryg

wo1108 S3ydu] ‘SUTTIIIUID WOa] IDUBISIQ TEIP®RY doy
ot 8 S 2 4 o 4 12 9 8 cHo
“ | 1 ~ ]
O/ ! 4/v "Xe £-1 \V}
1
N /v PIA -y O _
O a/v VTN v 10°0
N £1e3TTIN ¢ O \O i
N\ 12437 Iamod “on uny \
/O..O.. —On0 E | +
——0=0=0=0=—"'_ 120°0
oy ™
=4 —
o ~
go'c Y
>
P
=
o}
=)
vo'o o
c
€0°0
930
L0°0




3722Z0X IO 33V 1933 G°y ©1IBY JIV-TANg JO UOIINQIILSIQ

$ALIUT fRUTTISIUD) WOAJ AIUTISIF 12IVEY

1 "OK 9qouuad

Toutduy -G/ TN

[BIped UG [3a97] Jamod JO 123313 “be 0oinbild

Izuiz09g derl
ez 0Z ST 1 c 0 < 01 €1 MW sz,
AV’ ! ,. -
N -
| 10°0
ﬂ 20°0
3
£
£0°0 7
>
e
el
5]
- Alo.
¥0°0 5
160°0
| a/v ‘xeH 8 V2
4/Y PIN £-L O
9/v uin Z~L 0O 960
L123TTIN -2 O
19A377 d1amog oy uny
| ! H H 200




Lo iyl T il e UL Db Gttt ol b i

*1 *ox 2qoad ‘auriug ¢-CRf ‘1TIXT H1ZZON

JO IIV 3893 O O11®Y 41¥-{ond Jo UOIINQLIISTA TBIPEY UC (2431 4avcd Jo 192337 "Cg 3anidid
SayJuy ‘JUTTINUID WOIAI 3dUeISIA TBIPTY .
[01106 aoyl
08
0
] 100°0
| 200°0
_ g
JE00°0 <
] -
]
>
-
-
o
y00'0 &
o
- N\ v/ i —co00°¢
_ ya a/v "xey =21 \Vi
_ A 7 /v PIN -t O
_ ‘ ur e- 3
__ _ | g/v uIn a-11 O 9000
| ﬁ AxeITIN 1-11 O
; i
‘ ! f 13A87 JIamog *ox uny
_
_ . | | ~ .

115

|



A R T T 514 s P L2t A AT G LT

B

..ﬁ:.
‘outrdug c-cgr ‘3ING 91zzoy 1B QN JO HOTINQTIISTA TTIPEY Uv [0 ,3.2_“ t.zt_&ww ‘97,
w03 309 Sayouy ‘BUTIIIZUSD WOIJ SIJUTVISTI( YTIPEY dog
01 8 9 t Z 0 4 ¥ o ] 01
} ] ]
0/Y “XeN e-F \V;
O/ “ /Y CIN Z-r <
N\ /¥ YIN i~ O
nﬂ_ . L2BITTTN 3 C
12437 1Ia3m03 TON uny

bt e e e = an

0

DN T

wdd  ‘uoriraiusouod Fgn



NIRRT SRR TR , e SRR ST I A

B AT

TN wgoead .u..“.?(_cm c-Cng

CITXY STZZON JO 1Y 193] L XON JO UOTINGTAISTIQ (PIPTY o Trae . Dot Joo 199314 leoanatg
SOLOUY ‘BUTTIBIUBDY WOIAT AJULISI TUINEY dog
NEEDNE & 21
54 0c Ci VT < 0 < Ol <7 oe ez
= j T ™ t
,w — i ' M 1_1 ,
A lquj . 1
i . ISRV TS
I R NN S
_ H oY
| R
| i
' : .
: of A
¢ -
j _ :
i B
" ¢ (RIS} -
1 ._ : i
; i nw -
: _ : q,%v "XER 8 < =
1 1 ,
: ! u /% 1IN -z @)
i :
! " PRI ot
| . AT =L 3 001
_ AITIITIN 1-2 O
; 72A07 I3mOd cuN uny
| _ L
_ L o0n




*1 "ox 9goad ‘ouriuz ¢-Cyr 113

=

51zzZoX 3O 33Y 192F 0€ YON JO uUGTIINQTIAISTY TERINTY UC 134T Javed JO 193]I7  "8F aandrt,

Sayou] ‘IUTTIIIUSD WOIT 20UBIST( TBIPEY

08 09 ob 0z 0 02 o¥ 09 08 o
] 12
vy
z
o)
“
g =
= -
9 ~ —
e
=
(o
=
-
g £
] E
—Jo1
/v "“xen 7-71 \V ¢
/v PTN £-1T1 O
_ \ /v uiy - 11 J
i
_ — —z1
I £183T111H -1t O |°
Il ‘, Q . —
; 12497 Jaarod QX uny
| .

e o s oot s B s i




el

ppm

Q0 Concentration,

2500 T
Nozzle Exit

2000 pmmmeme— e e e = ; RSO S UV TIPS

1 500 - —— - . B e

1000

30 fL ATt

10 15 20 23

9]
<

0
20 15 10

Radial Distance, Inches

Figure 29, CO Concentration Profile at Various Axial Distances for
JB5-5 Engine at Min, A/B Power (Probe No. 1).

119

[ FOPTIURI PRSP

mead



10,000 _
Nozzle Exi
#5000

E
3
E
3 5]
B o
E R T 101 ol sl R A S

g

6

-

-

@

1]

LS

]

I}

9
- g
. 3}
© 1000
; .
8 | \

A), 7.5 ftoarey |
2000 — . 95 | @]
|
] | l
| 15 tt Aft
e —
0 | [ o J m|
20 15 10 5 0 5 10 15 20 25
Radial Distance, In 3

Flgure 30. CO Concentration Profile at Various Axial Distances for
J85-5 Engine at Max, A/B Power (Probe No. 1).

R

120




5.6.3 Adjustment for Plume Symmetry

1t was noted that, at the farthest downstream locations (15 and 30 feet
aft), the apparent plume centerline did not coincide with the projected engine
centerline. An analytical method was devised for locating the center of
symmetry of the plume in relation to the engine centerline. At the farthest
downstream locations, the integration over the plume area was then performed

with respect to this axls of symmetry, rather than around the projected engine
centerline.

Figure 31 demonstrates this effect on the fuel-air ratio profile. Figure
31(a) shows the fuel-air ratio profile at military power, 15 feet aft of the
nozzle exit with the orfgin at the projected engine centerline. Figure 31(b)
shows the same data after adjusting for symmetry. The origin is shifted 3.7
inches downward along the path of Probe 1 and 6.8 inches upward along the pach
of Probe 2, for a total shift of 7.7 inches. This is an angular separation
of 2.5 degrees.

it should be noted that this shifting of the origin involves no additional
assumptions, since the assumption of circular symmetry of the plume is alraady
contalned in the area integration calculations, The adjustment for circular
symmetry generally results in a decrease in calculated flow for all species,
compared to that calculated with the origin not at the center of symmetry. An
additional computer program (NEWRAD) was written to perform this calculation,
and all data at the 15 and 30-foot axial stations were adjusted for symmetry.
All radial distances quoted in this report have heen adjusted for plume
symmetry. The adjustments required to shift the origin to the center of
symmetry for the J85 are tabulated in Table 10.

Although the detailed causes for the apparently unsymmetrical plume have
not been determined, it is believed that a part of the discrepancy is due to
inaccurate measurement of the projected engine centerline. Additional
factors may be that the engine does not exhaust precisely along its center-
Line, or that the engine 1is slightly loose In {ts mounting so that its axis
can vary slightly. Note that a small shift in the center of symmetry could
cause appreciable error in the integrated values. It should also be noted that
the true center of symmetry cannot be located wish a single diametral probe
sweep.

5.4.4 Calculation of Integrated Results for J85

All J85 plume data were processed through the intepral computer programs
(Figure 22) to yield the integral flow rates for fuel, CO, HC, and NOy along
with the corresponding emission inuices. These values are glven in Table 11
along with the metered fuel flow. A very valuable test of the validity of
the data is the agreement between the calculated and metered fuel flow at each
axial station. Examination of these data show that generally pood agreement
between the calculated and measured fuel flow Is obtained for axlsl stations
near thc nozzle exit plane (0, 3.75%, and 7.5 feet aft of nozzle), while con-
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siderable discrepancy between metered and calculated fuel flow exists at the
downstream locationa (15 and 30 feet aft),

Couaiderable evidence links this discvepancy to an error in the COp
meagsurement causing the measured €O value to be slightly leass tham the true
values. This was later found to be caused by an electrical interaction
between the PCM system and the €02 analyzer. Since the effect was small, no
significant error was introduced for high (€07 concentrationg, such as were
obtained near the nozzle exit., At the very Jcw conceantrations eacountered for
the downstream locations, considerable error was introduced.

The erroneously low COj value at the downstream locations is comsistent
with the calculated local tewperatures lower than measured values {cee
Supplement 1 data tabulation) and the emission indices, both local and integral
values, higher thau values which would be consistent with the nozzle exit
location values. The contaminant flow rate 1s nearly Indeperdent of CD2 value
and forms a more consistent set of data,

Note that integrated contaminant flow rate and corresponding emission
index should generally remafn constant or decrease with axial distance. There
ceems to be one excepticn to this, as indicated by the increase in CO emlssion
index between the nozzle exit plane and 3,75 feet aft at Min A/B power level,
This 1is explained by the partial oxidaticn of HC to CO in the same axlal range.
The decrease in HC is more than sufficien to account for the increase in
carbon as CO.

With the foregoing observations in mind, the following conclusions con-
cerning rthe axlal variation of contaminant flow may be made for the J85:

1. No significant change in NOy conceatration occurs in the plume at
any power level,

2. At military power, no signiilcant change in CO or HC occurs.,

3. At minimum A/B power, a small increase in CO ocnurs along with a
decrease in HC.

4. At wid A/3 and maximum AfB power, significant decreases in both CO
and HC oceur, with HC values ultimately approaching zero.

5.5 J79-15 AFTERBURNFR EMISSTONS TESTS

5.5.1 J79 Emissions Test Data

The engine tested was a J79-15, Serial Number 439-012, and was newly
overhauled with a total accumulated running time of 2317 hours. Fngine and
emissions instrumentation was basically the same as that for the J85, listed
in Table 7., As with the J85, 20 separate test points were run, conslsting
of the four power settings with nlume profiles obtained at each of 5 axial
stations ((nozzle exit, 7.5, 15, 30, and 60 feet aft). As with the J85, the
5 axlal stationg corresponded to approximately 0, 3, €, 12, and 24 nozzle
dlameters downstream.
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Engine operating data for the Phase 11 emissions tests are given in Table
i2. Column headings are the same as for the J85 tabulation except Wy (engine
airflow). Detalled emissions data for the J79 tests are presented in Supple-
ment 1 of this veport. Selected paramecers zre plotted in this section of the
report to illustrate the variation with radial and axial position and with
engine power levels,

As previously mentioned, the afterburner on the J79-15 engine has a fuel
system with four manifolds and fuel injection tubes: primary core, secondary
core, primary annulus, and se:zondary annulus. As afterburner fuel flow
increases, the fuel pressurizing valve operatesgs to deliver fuel to the four
manifolds in succession. The afterburner emissions test points are such that
at minimum A/B power, there is partial core flow; at mid A/B power, there is
full core flow and partial primary annulus; at maximum A/B, there 1is full
- flow to all four manifolds,

Figure 32 shows the fuel-air ratio profiles for the J79 at the nozzle
exit, for the four power set’.ings. With increasing afterburner fuel flow,
the peak fuel-alr ratio moves toward the outside as proportionally more fuel
flows to the annulus manifolds, Little change in fuel-alr ratio near the
3 engine centerline occurs over the entire range of afterburner operation.

N The increase in exhaust diameter with afterburner power level is due to the

b opening of the exhaust nozzle. Figure 33 shows similar fuel-air ratio
profiles 7.5 feet aft of the nozzle exit where considerable mixing has
already occurred., TFigure 34 shows fuel-air profiles at 15 feet aft of the
nozzle exit, which 1is near the end of the potential core, as indicated by the
fact that ambient air has not mixed to the centerline. At this location,
typical plume profiles of fuel-alr ratio have developed,

3 Rather severe gradients, especially in HC, may be encounterad at the

3 nozzle exit location for afterburner operation. The gradients are particu-

larly steep for the J79 at mid A/B power level, as shown in Figure 35 where

HC concentration (log scale) 1s plotted apgainst radial position at the nozzle
exit. The minimum in the HC curve corresponds to those regions in the
afterburner where the combination of good flame stabilization and favorable
fuel~air ratio leads to excellent combustion efficiency. The flame does

not efrectively spread outside these regions, and relatively pocr burning occurs,

The change in shape of the HC concentration profile with axial distance
is shown 1n Figure 36. Note that at the 7.5-foot station the extremely bigh
HC concentration along the centerline has been completely consumed. Consider-
ably higher concentrations exist near the top of the plume (left side in the
figure) and this asymmetry persists out to 60 feet. The hydrocarbons that mlx
: toward the center of the plume are consumed in the high temperature gases
2 at least down to 15 feet, where a depresslon still persists in the center,
z At 30 feet aft, the centeriine temperature is coo low for rapid consumption
of HC, and the concentration near tl'v center is increasing. The centerline
concentration 1s thus a maximum at the nozzle exit and rapidly decreases to
zero with axial distance. After the centerline temperature reaches a low
enough value, the centerline concentration rises to a second maximum and
then gradually decreases as mixing with ambient air continues.
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5.5.2 Calculations of Integrated Results for J79

All J79=15 engine afterburner data from the Phase ] englnu tests wore
processed through the integral computer programs to glve integral tlow rates
and the corresponding emissions indices, The profiles at the 30-and 60-foot
stations were adjusted for symmetry using tie NEWRAD computer program, as
described in the previous section on the J.5,

Adjustments requlred to move the origin to the apparent center of
symmetry of the plume for the J79 are listed I{n Table 1" for each run ut
the 30-and 60-foot axial stations. A positive change is upward along the
probe orifice path and a negative chunge ts downward. 7The totul adjustment
is the diagonal shift, calculated from the two mutually perpendicular chanpes.
The angular separatlon, as measured from the center of the enyine exbaust
nozzle, 1s quite small at rhe 60-foot axlal station, belnyg les; than one
degree in each case. At the 30-toot station, angular separations ate
greater, being between 1,0 and 1.5 Jdeprees ir each case.

Results of the calculations of integrated values for the J7Y are given
in Table 14. At the sampling statlons closest to the englne (0, 7.5, and
15 feet), generally good agreement between the calculated and the meterod
fuel flows was obtained. At tne 30-and 40-foot sawpling stations, consider-
able discrepancy exists between the calculated and measured fuel flow tor
several of the runs. As vith the J85 integrated data, the major portion of
this discrepancy 1is attributed to an electrical interaction Letween the PCM
system and the CO2 analvzer which was found aud corrected before the Phase 111
englne tests.

Qualitatively, the geieral treads shown by the J7Y plume measurement:
are similar to the J85 meas trements in that HC {s most reactive {(n the plume,
with CO somewhat less reactive, and NOy the least reactive, with essentially
no change occurring in the plume. For the J79, the highest residual HC
level occurred for mid A/B power settine where, for the J8), the highest
residual HC level occured at minimum ASB.

The smoke numbers gaver. in Table 14 are the averane- o1 thc smewe
measurements, and no attempt has been mede to properly mass wei,ht the smoke
data. As was expected, the smoke number denredases with increasing after-
burner power setting and with increasing axtal distance trom the exhaust
nozzle. The absolute value of the smoke number obtalned Is subject to soume
question due to the sampling procedures used.

5.6 INTERPRETATION OF DATA AT DOWNSTRLAM LOCATLIONS

[t has already been pointed out that at the far downstream locations
(15 and 30 feet for the JBS5, and 30 and 60 feaetr for the J79), penerally poor
agreement between cdalcuiated and metered tfuel-air ratio has been obscived,

A major factor in this discrepaacy iw a small shifc fn zeve or o che COp

anaiyzer caused bv infteraction with the PCM svstem.  An additional tacter is

that quite pood fustrument sensjtivity and stabflicy is required to cbtain

avcurate measurements at very low ceucentrations.  This is obvicus it oone
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conslders that, for example, a change of 1 ppm NOy causes a change of 0.11
in emission index 1f the CO2 concentration is 1%, but the same change In NOy
concentration causes a change in emission index of 1.1 Lf the CO2 concen-
tration is only 0,3%. Finally, at concentrations comparahle to the ambient
levels, the measurement of concentrations becomes almost meaninpless without
some correction for amblent levels., Thus, the accurate measurement of
emission index at high air dilution values by the Lntepral method, which
lncludes the mass and acea weighting procedures and correction for ambient
levels, would become quite complex. This fact was recognized early in the
program and a search was made for an alternate technique.

Mne approach considered, and filnally adopted with some modifications,
15 based on the fact that the emission index should become constant, both
radially and axially, at sampling stations far enough downstream that mixing
and reactlons are complete, This arises from an Important fact concerning
emission Iindex; namely, that 1f an arbitrary unrveaciing pas composition is
mixed with pure air, the emlssion index will not change, From this it follows
that 1f one plots, for example, CO versus €02, and 1f mixing and reactions are
complete, the result must be a stralght line with origin determined by the
ambient levels. Figure 37 18 a plot for CO versus CO2 for the J79 at minimum
A/B power and 60 feet aft of the exhaust nozzle, Although the data are quite
linear, the intercept of the straight line does not pass through zero but is
about +10 ppm on the €O axis. 1t 1s apparent that the emission index, calcu=
lated in the usual vay, would increase without limit if the straipht-line
relationship were followed to zeco on the C0p axis, This is the trend that
has been generally observed, mainly at verv high air dilution values.

The emlusion index may be calculated from the slope of the line and is
about 26 for Flgure 37, as compared to 30,9 calculated from the integral
programs {Table 14). The emlssion index from the slope will tend to be
lower than the integrated value 1f the y-intercept 1s positive, and higher
than the integral value if the y-intercept is negative.

A nunber of such plots have been made and they show some rather inter-
esting effects, Ulgure 38 shows CO plotted against COz for the J79 at
military power and at each of the five axial statlons, Tt shou!d be noted
that remarkablv consistent emission indices are obtained from the slopes
of the indlvidual line«, even with emission indices of only 2.2 to 2.9 and
with CD concentrations as low as 4 ppm. Furthermore, the values of emission
indlices agree quite well with those obtainod from the integrated values at
axial stations near the exhaust nozzle, as shown in Tahle 14. The CO inter-
cept 1les hetween 2.1 and 4.8 ppm for each plot in Fipure 38.

Fipure 419 shows €O concentration plotted against €02 for the J79 at
mid A/B power level and at each of the five axial stations. These curves
demonstrate the appearance of the plots in cases of stvong contaminant
consumption in the plume. At the nozzle exit location, the exhaust Is
axtremely nonuniform, and no particular pattern is evident. Local emissicn
indices range from 27 to 180. At the 7.5-foot axial station, a character-
istic hook—-shaped curve develops which seems to he indicative of intense mizing
and CO consumption. This {s to be expected since maximum temperatures are
near 3400° R, lLocal emission indices range from 127 to 17. At 15 feet aft
of the nozzle, the curve 1s stralghtening somewhat. Maximum temperartures of
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JO40° R Indlcate that €O consumption is still quite rapid, as does the fact g
that the mintmum local index 1s still 17 compared to the maximum of 89. :
At the 30-foot station the CO consumption rate is quite low slnce the
maximum temperature is only 1680° R, Mixing is not yet complete, as indl-
cated by the curvature of tho plot. At the 60-foot station, mixing and :
reactions are complete, as indicated by the straight-line plot., An intercept f
of 1¥ ppm is indicated. The emission index 18 43, as calculated from the
slope, compared to 46 calculated from the integral programs,

Figure 40 demonstrates the application of the slope method to calcula~
tions of WOy emission index tor the J79 at maximum A/B power. At this power
level, the NOx is distributed with the C02, and a fairly stralght line
results, even at the nozzle exit location. Emission indices as calculated
from the slopes are fairly constant at each of the five sampling stations.
In each case, the NOy Intercept is quite small.

Figure 41 shows HC concentration plotted against (O concentration
for the J79 engine at minimum A/B power and at each of the five axial
stationg. At the nozzle exit lacation, the highest unburned HC concentra-
tion occurs near the engine centerline, while the highest C02 concentratinn
(highest fuel-air ratio) occurs behind the flameholders. The HC near the
centerline is rapidly consumed as the exhaust moves away from the nczzle and
" the centerline gases mix with the hot surrourding gases. Thils is apparent
in the plots at the 7.5 and 15-foot locations. At the 30-foot location,
the plot is nearly linear, indicating that HC corsumption 1s completed and
mixing is nearly complete. At -the 60-foot location, the linear plot indi-
cates that both mixing and reactions are complete. Note that for data at
the 60~foot location, the negative HC values indicate an obvious negative E
shift in the HC analyzer zero setting. 1n spite of this, the slope method 4
still yields a reliable value of the emission iadex. The welghted average
emission index, calculated in the usual manner /{from the integration program),
is 0.1 1lb per 1000 1b fuel, while the value obtained from the slope method
is 1.7. The latter is obviously more nearly correct, as can be seen from A
examination of the plots of Figure 4l.

Figure 42 shows similar data at mid A/B power level. In this case,
the plot at the nozzle exit shows that high HC concentration initially occurs
both inside and outside the flame stabllization region. As the exhaust moves
away from the nozzle, the HC near the centerline is completely consumed while
that near the outer plume edge is partially consumed, as shown by the plots at
the 7.5~ and 1l5-foot locations. At the 30-foot location, reacticns are !
complete and mixing is nearly complete. Data at both the 15- and 30-foot :
locations indlcate some circumferential nonunitormity, with both the upper :
right and upper left quadrants having high hvdrocarbon concentration. At
the 60=-foot location, reactions and mixing are complete. Again, the plot
for the 60-foot location yields a negative intercept on the HC axis, as did
the minimum A/B data (Figure 41). This might be expected since the two test
points were run in succession on the same day. 1t is interesting to compare :
the plots of Figure 42 with the radial profiles of the same data shown in
Figures 36 and 37.
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The emissionys plots versus €02 are valuable as graphical dlsplays whlch
are interpretable in terms of the degree of mixing and reactlon occurrirg fn
the plume. Under condlitlons where the local emissiocn indices vary widely
over the plume cross section, it is obkvious that a welghting method, such ag
the integral technicue used here, must be used for accurate evaluation of
the overall emission Index. in the case where the emission index has become
constant across the plume, it appears that the slope of the emission concen-
tration versus CO) gives a mure reliable measure of the cmission index,
esaynclally at very ulgh air dilutlon values.

A computer program, called ABE, was written to c:lculate the linear {it
of centaminanr conventration against C02 concentration by the methud of least
squar-s. Wnen miring and resctions are corpletr, the linear relationchip is
closely followed, and tie sl.pe of the line is ~imply related to tic emission
index. 1This data treatment methed is not only !ucterpr-rable in terms of rie
degree of mixing and reaction in the plumc, but is also amenable *c
statistical analysis.

Tauble 15 shows an example of the ABE progrom printour tor a J79 «agine
test point, This particular test point, sampled 60 feot aft of the engine
at militavy vower, gives generally the lowest conrentratinns of the various
messured species Iin the exhausct. The filrsv column of the takle gives rhe
probe number and the second gives tha piobe angle. The pretve is horizontal
at 45 degrecs, passes through the projected engine centerline a* approximately
90 deprees, and is vertical at 135 degrees. The next five coclumas give
mea-u:0d cxhaust concentrations of various species, correntad to - wet basis,
that iu, corrected [-r both combustion water and inlet afr humidity. Each
column of emission data is fit to the linear equaiion Y = BU + Bl x (02 by
the method of least squares. In this equation Y is the emissicn concent.a-
tion {CO, HC, NOy, or u&), BC is the intercept o the Y axis, Bl is the
slope or the line, and €02 is the 07 concentration. Tue last four columns
give the dev.ation (calculated minus actual values) of each data point from
the calciluted linc.

[n the lower part of the table re givan the calwulated BO, Bl, correla-
tion voefficient, emission Index (1), and staidard deviations of the values.
The corre.ation coefficient is an index of how closely the data follows a
lirear relationship. A perfect linzer relaricaship with positive slope is
indicated by the maximum correlation coeffici.at of 1.00. In this articular
case, tairly good linear correlaticn is indi.ated by coefficients between
0.97 and V.98,

The utitity of cthis methud of data reductiorn at very high air cilut,on
values ‘s illustrazed by the {act that, even wit. these extremely low
concentrations, calunlited cmicsion indices “re In good agreement with values
calculated from tve integral programs at the nozzl: exit locations. Further
indication of dat. conslstency is shown by the lew relative standard devia-
tion 5t rhe emisslon wadlces and falrly good l'ncar correlation coefficients,




Table 15, Typlcal ABE Computer Program Printcut.

Afterburnar Emissions Curve Fit Calculations

Englne - J79 Power Setting - MIL Station - 60
Run ~ 28-1 Humidity - 15.5 H/C Ratio - 2,00
Wet Concentrations Calculated - Actual
Co2 co HC NOy NO GO HC NOyx NO

Probe Angle PCT ppm  pp- ppm ppm PPmM  pphm ppm ppm

1 46 0.168 6.0 0 6.6 5.8 .1 0 0.6 1.3
1 55 0.205 6.4 0 7.8 7.6 0,2 0 0.6 0.7
1 64 0,268 7.4 0 10.0 10.1 0.0 N 1.9 0.2
1 73 0.343 7.9 0 12.4 11.8 0.5 C 1.3 1.0
1 82 0.379 8.7 0 14.2 13.5 0.2 0 0.6 0.5
1 91 0.383 8.7 0 14.6 13.8 0.3 0 1.5 0.3
1 100 0.363 7.9 0 13.9 13.0 0.7 0 0.5 0.5
1 109 0.298 8.1 0 12.2 10.7 0,3 0 - -0.9 9.6
1 118 0.253 7.4 0 10.1 9.9 ~0,2 0 0.2 =0.1
1 127 0.172 6.1 0 8.2 7.1 0.0 0 -0.9 9.1
1 136 0.119 6.2 0 5.6 4.9 0.3 ] ~-0.2 0.6
2 46 0.137 5.7 0 5.2 6.7 0.0 0 0.9 ~0.6
2 55 0.180 6.4 0 7.7 8.2 =0,1 0 -0.,1 -0.7
2 64 0,235 7.5 0 10.3 10,2 ~0.4 0 -0.4 ~0.8
2 72 0.284 7.9 0 12.4 1.4 -0.3 0 =-0.9 ~0.5
2 g1 0.343 8.8 0 14.4 13.5 0,3 0 -0,7 =0.7
2 90 0.367 9.1 0 15.0 14,3 =0.3 0 ~0).4 -0,7
2 99 0.339 8.6 0 14,2 13.4 =0,2 0 =0.,6 -0.7
2 108 0,264 7.7 0 11.9 10.2 -0.3 0 -1.1 0.0
2 117 0.192 6.7 0 8.8 8.7 ~0.3 0 -0.7 -0.,9
2 125 0.10¢9 5.3 0 5.0 5.6 0.1 0 0.1 -0.5
2 134 0D.071 4.6 0 3.3 3.4 0.2 n 0.3 0.5
Least Sauares Fit Y = BO + B1*COj
Standard Deviations
Corr
BO Bl Coeff F1 Y RO A1 I

o 3.89 13.21 0.9729 2.64 0.1303 0.702 0.187 G.0737
HC 0 0 1.000G 0 0 i 0 0

NOx 1.03 0. b2 0.979¢ 12.06 0.723 1,676 N, Ah6 n.146

NO 1.56 32,77 06.9793 10.74 0.654 1.514 AR 0,132




Table 16 and 17 give a complete summary of results of the ABE computer
program calculations for both the J79 and JB85 afterburner emissions tests. Ay :
can be seen in these tables, for any given power level, the correlation
coefficient generally increases and the standard deviation decreases, with
increasing axial distance. This is a consequence of the fact that the
emissions plotted against C0; becomes linear when chemical reactions and
mixing are both complete. Good linearity is shown by correlation coefficients
above about 0.96, with lower values indicating lack of complete mixing, With
low values of correlatlion coefficient, the calculated emissior. index may be,
of course, considerably in error., Many correlation coeffizlents for CO and
NOy are above 0.99, indicating excellent linearity.

Correlation coefficients for HC measurements are considerably lower
han for CO and NOx, and the intercept (BO) values are quite erratic. This
behavior indicates a definite problem with the stability of the hydrocarbon
analyzer. This probiem was investigated prior to the Phase III engine tests
and {5 discussed in a later section of this report.

This technlque of determining emission indices from the slope of the
emission concentration versus GC2 linear plots appears, on the basis of
results summarlized here, to be the moat relisble method of determining
emission indices at very high air dilution values. This method was thus
chosen to be the basis of the proposed afterburner emission measurement
technique for sampling stations sufficlently far from the engine that
mixing and reactions are complete.

Although the slope method of data evaluation 1s more accurate at high
air dilution values, there is still seme uncertainty in the data shown in
Table 16 and 17 due to problems wita the CO2 analyzer, which was mentioned
earlier in this report. The general terdency is for the emissionsg luvel
of the Phase II data to be higher than the actual value due to these
problems. (See Section 8 of this report for & comparison of all emissicns
data at each axial station for both the Phase II and Phase I1I eugine test
measurements.)

5.7 EFFECT OF AFTERBURNING ON NOy EMISSIONS

Since there is no mechanism for consuuption of total NO,, elther ia
rhe afterburner ur In the plume, the NOyx produced in the mainburner passes
through the afterburner and out into the surrounding atmosnhere. In
addition, NOyx wmay or may not be formed in the afterburner, depending mainly
on the power level. Since fuel is added in the afterburner, it is not
clear from :tliz change in total emission index whether or not an actual
increase in tctal NOyx flow has occurred.

The amounr of total NOy actually formed in the afterburner can best be
evaluated by defining an afterburner emission index for N0y, Elap, as the NOy
formed in the afterburner dividad by the afterburner fuel flow. Such values,
calculated for each of tne two englnes, are shown in Table 18, The total

146




9°1 686" 20
171 266" 10
>4 866" €0
€1 - <E6° 8°0
¥ 0L~ 6:5° £°2
o1 9E6 " I'0
A 866" "0
8°€ 866" €70
8°€ 356" 50
¥°¥ £86° 9°1
8°1 066" i'0
[ re6” z'0
¥ 01 £66° ¥'0
9T 696" 171
¥ iy (40 0'E
Q71 086" Si 0
E°E c66° 2°0
[ -] 866" Z°0
[l 4 Q66 (1]
€°9 £66° 8°0C
{wdd) -33903 *asq

o8 “d402 "Pis

.39

S’z
29
z°9
vE
C°E

et
€791
PCl
FA B
611

x2pu]
LoX 1

S3pIXQ uIB02IIN

- {remang welPold FEY - SUOTSSTWF JIAUINQI33FY S1-61f

) - 0
0 - o
0 -- o
z0 - 0
9621 900%™ -  PI1
9t~ 0S6” £°0
v'L 898" 90
3:14 663"~ 17
921 cgg - 1721
zsLe P32 £L
¥'6- 156" 0
FAE 096" 1°0
692 %" s*n
5¢ 98% " 11
661 622" 901
(uddy "3j3@0D  “a2Q
od “3130 e N

N O o O o

9°¥F
L'z
£z ~
1°el-
L"8%-

[~ -2~ B -

xapuj
g

uou 19ICIPAKR

L9 966° 170 6’9
1761 £€96° L0 €L
| AN 8267 2°¢ 96
orl- <S08 ° [N *L I 2 %
8001 AN 922 P 221
£°¢1 053" 171 ¥ZY
P -3 L86° 1i'¢ [l % 4
[128 L9’ 9791 8791
¥321 1207 FARS R0
963 166" 0gl 0O°LS
Z°0l 066" £°0 6°%2
2L 066" L0 £°02
FATA 465" o't €782
1£1 - L1667 1'et 0%
oot - e’ ®at PR
6°E £L6” $070 9°z
6% 66" €070 6°C
¥E w66 P00 ST
£°F 966" j Nt £°2
[ €96° 0 72
(@ddy .3s0)  A3Q  Xapul
og ca2103  CPIs g
IPIACUOYN UOQILD
‘g1 o1q®l

09 v -82
(¢} 1-€£2
Si v-12
€L 2-92
o] 7-52

— e

Iomod 4.V XA

09 £-NC
0t [t4
st £-42
S°L 1-92
o 1-52

e

Jamod €/V PR

09 Z-R¢
[0} £-€fe
<t c-Le
STL ¥ -c0
(¢} c-+¥¢

1a%0d @'Y UTH

09 1-RT
ot c-fe
ci 1-L2
S'L £ 5%
o] 1-%2

PE—— Y

1m0 SIBITTIH

{"3d)
oI " B1S
1®ixy

o uny

~
—




:
w
1

¢t {66 9070 6°Z I°%1
st 565" ¥0 0 L2 0°9-
9°0- ¥66° SE'0 8°2 z 1
971~ 966" orc ¥ §°51
o't 866" ¥0°0 sz 6711
£% 968" €0 9°E £ e-
11 £66° ¥l°0 13 4 8°0
1 166" #0670 ¥z ¥ 1
£°C /66 ot e £°Z SE
1"0- 166" SZ°0 ¥z 011
i 4 886" 20°0 c°e N pc
471 £66° S0°0 0°E [0 75
12 666" W0 22 ¥ee
z°2 866" 2t'o 12 6£9
32 £26° <0°0 PAE - P 2
4 |66~ »0°0 [ 4 6 £1
£°Z 666" 90°0 s €791
£'s 866" ¥1'0 €% §°2¢
z°E i85 T80 TV 6 92
(wdd)  “3330) “aag ¥apyjy (wdd)
oF “zae) ‘IS ‘myg o]

3907 2070
98" - 1070~
28"~ TO'0-
0BL" - ¥0°O-
296 z0°0
186~ 1070
BBL” 10

698" 2070

6%~ E70-
68% "~ ¥°I-
586 ]
266° o1
99€° ¥
igs~ c°Z1

0S6° 070
LEE” S1°0

1867 9070
928" 8070
w° 5°0

“33303  “aldg
‘x103  pIS

£opIx) uaBoa N

cAzpumng weadoid FY - SUuOISSTUF

nogsR20INAY

1070 L°1e 166" s°N £°£eg
£€0°0— Lo 8 $96° 9°1 ¥ st
20°0- £ €9 086" L6 LTer
£0° 0~ ics 616" 5799 6°¢6
¥ 0 B PL 366° £°C 8g've
pAd 1] 8°22 y66 " 0 | B %
£°0 2 = £86° 3°2 £°62
€0 £° 0t TRE 871 ¥ €T
z o- 821 cz8” 8°9 ¥'el
970~ 96% g9L” 9°21 891
6759 5°S5 v66° 8°0 ¥ 121
6755 z2°09 566" g1 §°CI1
£°2¢ o%t 266" oS BFL
822 11t 296" A SRR ]
30 (LI 066" 2°0 8Ly
s°0 6°L2 666° z0 19y
S°0 £€°¢cs 266" 80 s ze
z°d z°se v66° 9°z £°¥e
£°0 51 196° 279 9°1i¢
xepu} (mid)  "3jou3 "ae@  X3puj
~wg ca t1105  'P3s “ug
SPIXCUCH UCGIBD
JIJ3UINQIDIIY C-Cx 27 21qrd

Og -t
<t Z -0l
St 1.
Si'E £-9
0 £-F

J0m0d 4 ¥ XTW

_u.n~

0F
lg-11
1 fr-o1
l e
52 £-L
st z-9
0 z-+

Jamug g/V PIR

i3 2-11
St -6
S Z-L
SL°g i-¢
0 1-¢

I3m0g @ ¥ U1K

ot 1-11
St 1%
c L 1-L
SL'¢ S
0 €

Jamog AIBITITR

("33) oy umg
uCIIBIQ
11Xy

X

-
S

—_




VAN qy
(12nd gv 491 0001/41) GO9E * 0001 * g < = = 13
(m01d TuN} - moTd On
"2 g1 656070 8°1 1671 LG0T q/V XPR
1 8gi°1 CLEGU 9°1 6L 1 S9nut0 E/Y Pla
7°1 0°1 UL 0 66U T6TLLTC g£,/V <in =
- 00°1 A - TV L6TuUT0 £2v3117m
E— —{(sddy E— Tt 54 - —
X X : X X 3AIT IINMO
Wiz Mwora “owy  mowd ToN bt TMHmors “ony #0Ta " ox E nod
x 810, X 2310
mold ON 1e3el #0731 ON e3ol
ST-6LT $-CS8I

©SIAUINGISITY 4L PUT CQL UT UOIIvIICd “ox Qi 2iuel




NO, flow is obtained from the integral computer program. The fractional NOy
increase (NOy flow divided by NOy flow at military power) is quite low for
both engines at minimum A/B power level. At maximum A/B power, the total

NOy flow for the J85 increases by 91 percent over the value at military power,
while the increcase is but 38 percent for the J79, even though both engines
have approximately the same afterburner emission index (1.8 and 2.1). The
tiigher fractional increase in total NOy for the JB5 ar maximum A/B is due

to the fact that the J85 has a considerably lower NOy emission index at
wilitary power (4.4 versus 12,0 for the J79)., This, in turn, is a result of
the lower enpgine pressure ratio and the lower combustor inlet temperature (173)
of the J85.

Although only small increases in total NO; occur in the alterburner at
low A/B power levels as shown in Table 18, considerable conversion of NO to
NO2 can occur under these conditions, as shown 1in Figure 43. Figure 43
compares NOy and NO profiles at the nozzle exit location for the J85 at
military power. Under these conditions about 53 percent of the NOyx is NO.
At winimum A/B power, however, considerable conversion of NO to NO» occurs,
as shown in Figure 43, At minimum A/B power, only about 10 percent of the
total NOy 1is NO, even though the total NOx formed is the same for the two
power levels, Figure 44 shows similar data for the J79-15. For this engine,
some increase in total NOx occurs in the high temperature region, while
considerable conversion to NOZ occurs outside the high temperature region.
The decrease in total NOy along the engine centerline at minimum A/B power
has not been explained.
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SECTION 6.0

PLUME MODEL VERIFICATION

Validation of the plume model began as part of the Phase [I effort on this
program and continued into Phase III, The integrated plume model was verified,
after some modification and adjustment, by inputting nozzle exit gas sampie
data from the afterbutner emissions tests of J85-5 and J79-15 engines described
in Section 5.0 of this report; calculating the mixing, homogenization, and
contaminant consumption reactions in the exhaust plumes; and comparing the
predicted profiles with those measured in the tests at several distances from
the engine. These comparisons atve presented in this section of this report.

o T pm bl Nﬂmi" "

Some eiements of the plume model were independently verified by comparison
with experimental data drawn from the literature or generated previously. The
comparison of JETMIX predictions with measured mixing profiles in turbulent
inert pas jets was described by Heck (Reference 30). Empirical constants
appearing in the Spalding heterogeneity formula were evaluated by comparison
of calculations with measurements of Becker, Hottel, and Williams (Reference
31), although one of these constants was subsequently modified after integration
into the plume model (see Section 4.4), The chemical reaction system used with
GCKP was tested by comparison of calculated and measured decay of CO behind an
ethylene~air flat flame (Reference 32), and SCKP was tested by comparison with
GCKP.

R Y i

6.1 COMPARISON WITH J85-5 TEST DATA

e g e

Test data acquired in the emissions tests of a J85-5 engine with after-

: burner, including engine operating parameters, fuel and ambient air properties,

‘ and total pressure and gas sample analyses from traversing probes located near 1
the exhaust nozzle exit plane, were used as input to the plume model. Profiles

of fuel-air ratio and contaminant concentration were calculated at various

stations downstream from the engine and compared with measured profiles at 2
those stations. Integrated emissions indices were calculated from the predicted E
profiles and compared to overall emisslions indices derived from the measurements
either by integration of the profiles, or by the slope method, as appropriate.
These comparisons are presented in Figures 45 through 62.

Because the plume model can accommodate no more than eleven different
radial gas compositions as input, whereas a typical survey consisted of 24
samples, it was necessary to select a representative set of samples from the
full survey. The resulting initial profiles used by the plume model are com-
pared with the full sets of measurements In Figures 45, 46, and 47. The over-
all emissions indices of the selected samples agreed with those of the full
survey within 10 percent, as shown by the left-hand bars of Figures 50, 56,
and 62,
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Nata and calculations for the lowest afterburning engine power setting
(min A/B) are shcwn in Filgures 45 through 50. The predicted profiles show
acceptable agreement with the sample data points, except for the fuel-air
ratio profile at X = 30 feet from the engine, where measured fuel concentra-
tions are extryvmely low (Table 9 atows low fuel flow continuity for the
measurements at this station). The predicted overall emiss{ons indices at
each stgtion agrvee with those derived from the measurements, wit 1in reason,
The predicted and nmeasured net increase in CO from X = 0 to X = 3.75 feet is
due to HC consumption, which generates CO faster than {t can he consumed.
The measured Increase {n CO from X = 7.5 to X = 15 {8 not confirmed by the
model, and cannot te explained by HC consumption. The model predicts no
change in W0y, at any engine power setting; this prediction is verified hv
the measurements,

Data and calculations for the Intermediate a“terburning engline power
setting (mid A/B) are shown in Figures 51 through 56. Acceptable agrec-ent
was obtained between predicted and measured profiles and overall emissions
indices. The least satisfactorv agreement was {n the overall Ht consunption,
where the predicted consumption was somewhat leas than measured.

Comparisons for the highest afterburning engine power setting (max A/B
are given in Figures 57 through 62. Again, agreement was generallvy satisfac~
tory except for HC consumptior in the streamtubes near the plume centerline,
where predicted consumption lagged the measured values, 0Overall, however, the
plume model predicted nearly complete consumption, as was measured.

6.2 COMPARISON WITH J79-15 TEST DATA

Test data from the emissions tests of an afterburning J79-13 engine were
also used to validate the plume model, in the same manner as the .85 test data
described in the preceding section. Since the J79 {s roughly twice the dlameter
of the J85, the distances downstream at which calculated and measured profiles
were compared were twice as great, The comparisons are presented in Figures
63 through 80, Figures 63, 69, and 75 tllustrate the selection of eleven
samples from the full survey to define initial (X = 0) profiles from which the
plume wmodel predicted the development of pretiles further downstream.

Data and calculations for the oinimum A/B engine power setting are gshown
in Flgures 63 through 68. The agreement between pre'licted prof{les and sample
data polats Is excellent at all axial stations. As was observed for the J85,
neither theory nor meastvrement indicates any NOx consumption or generation
in the plume at anv power setting,

Data and calculations for the mid A/B engine power setting are compared In
Figures 69 through 74. At the far downstream stations, the agreement is accept-
able. The predicted overall residual level of HC 1is only about half of the
measured residual, but 1in terms of percent of {nitial HC consumed in the plume,
the agreement is wuch better. At intermediate stations, the calculations pre-
dicted more rapid consumption of both CN and HC than was measured.
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Plume Model Predictions of Overall Emissions Indices

Compared with Phase 11 Test Data - J79-15 Engine, Min,
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Comparisons for the maximum A/B engine power setting are given in Fipures
75 through 80. Again, the agreement is acceptable when comparigon is made on
percent consumed, The analysis predicted quenching of the CO consumption
reactions earlier than the data indicate, and the predicted HC consumption was

to very low levels although not to the complete elimination indicated by the
measurements,

All six cases in this and the preceding section were run uaing SCKP, the
computationally efficient, approximate chemical kinetics routines. The .J79
minimum A/B case was also run with GCKP, the NASA-developed formai kinetics
routines. The results were essentially {identical.

6.3 COMPARISON WITH ALTITUDE WIND TUNNEL DATA

In addition to predicting emissions comsumption in exhaust plumes of
afterburning engines undergoing sea-level gtatic teats, the analytical plume
model s capable of modeling engine exhauat plumes in a moving, high-altitude
environment. This capability 18 potentially useful in predicting contaminants
released into the upper atmosphere by aircraft with afterburning engines,

To validate the altitude capability of the plume model, gas sample data
from a survey made near the exhauet nozzle of 4 J85 engine mounted in a super-
gonic wind tuanel were input to the model, and the model's pradictions of
plume development and contaminant consumption were compared with data obtained
at axilal stations farther downstream. The tests were performed for FAA at
AEDC (Reference 33).

Predicted and measured fuel and contaminant profiles are compared in
Figures 81 through 83, Agreement is generally satisfactory. The static pres-
sure in the plume was 1.3 psia in these tests., At this pressure, the CO con-
sumption reactions are essentially quenched. The model predicted 20 percent
consumption of hydrocarbons, which seems to agree with the measurementa. The
enigsions consumptions at altitude are much lower than at sea level static
because of the low reaction pressure levels and the low static temperature
regulting from the higher pressure ratlo expansion. With these lower consump-
tion levels, the model provides generally more accurate prediction than for
gsea level operation,
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SECTION 7.0

DEVELOPMENT OF AFTERBURNER EMISSIONS MEASUREMENTS PROCEDURES

7.1 GENERAL CONSIDERATIONS

The Phase TI afterburner emissions measurements on the J85 and J79 engines
confirmed previously anticipated complexities encountered in assessing emis-
sione levels at the nozzle exit plane, Sampling probes muet be designed so as
not only to withstand the severe environment but also to quench the reactions
at the probe inlet. The exhaust is generally so nonuniform, both radially
and circumferentially, that a relatively large numbevr of sample: ar< required,
and local total preasure measurements are required to properly massg weight the
individual measurements. Accurate probe poaition messurements are required to
properly asgegs the area weighting factor for each local measurement. Finally,
the local measurement must be prucessed through the extremely complex plume
model comwputer program in order to evaluate emissions levels ultimately emitted
into the atmosphere.

Measurement of emissions at an axial station far enough downstrear of the
engine that wixing and plume reactions are complete avoids many of the diffi-
culties assoclated with the nozzle exit plane measurements. The low conhcen-
trations enccuntered &t the downgtream locations require measurement sensitivity
somevhat better than that normally required for wmain engine emission measure-
ments. A data reduction procedure was developed in Phase IT which accounts for
the ambient levels of emissions. Although the procedure does not evaluate
carbon balance as a test for representative sampling, various statistical
wethods are aveilable to check for overall data consistency.

The major potential drawback of the downstream measurement method is that
it requires considerable open area behind the engine and would generally
necessitate an outdoor test faellity., Since thils requirement might unduly
restrict the applicability of the afterbur.er emissions measurement techniques,
it was decided that the finalized procedure developed on this program would
include both the downstream measurement method and the nozzle exit plane
measurement method. The downstream method is the preferred method and is
referred to a8 the "Far Plume” procedure. The nozzle exit plane method,
referred to as the '"Near Plume" procedure, is the alternative procedure
which may be employed if no test facility 1s available which meets the
requirements of the Far Plume procedure.

The finalized measurement procedure is presented in Appendix B of this
report. The general format used 1s similar to that of SAE ARP 1256, 1In
specifying the measurement equipment used, an effort was made to pervwit utili-
zation of the same equipment as that used for maln engine emlssions measure-
ments, as specified in ARP 1256.
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The SAE ARP 1256 (Issued 10-1-71) has been followed In these procedures
as far ac practicable., However, the SAE documemt 1s becoming outdated, and
efforts «. revision are in progress at the time of this writing. Procedural
differences between ARP 1256 and the afterburner emissions measurement pro-
cedures presented here arise either from anticipated revisions to ARP 1256 or

from the basic requirements of the afterburner measuvements., Major differences
are listed helow:

Equipment - ARP 1256 specifies NDIR and NDUV instruments for NO and ND2

measurements, while the A/B procedures specify a chemiluminescence instrument
with converter.

Sample Line Temperature - ARP 1256 gpecifies 302 + 9° F, while the A/B
procedures specify 300 + 27° F, anticipating a similar revision fn AKP 1236.

Sample Transit Time - The A/B procedures require l0-second sample transit
time, while ARP 1256 requires 2 seconds.

Sampling ~ ARP 1256 permits mixed samples, while the A/B procedures re=
quire individual samples. Also, for the 'Near Plume" procedure, 22 sample
points are rejuired rather than 12 in ARP 1256,

Probe Temperature -~ The probe temperature is not specified In ARP 1256,

while the A/B procedures require the sample line within the probe to be main-
tained between 16C and 327° F,

Data Reduction - ARP 1256 requires averaged values to be reported. Cou-~

siderably more extensive data reduction procedures are required for A/R emis-
slons measurements.

Several other general comments regarding these procedures are appropriate
at this point. Consid=rable conversion of NO to NOp at certain afterburning
conditions was found in the Phase II afterburning emissions measurements,

This conversion of NO to NO7 in afterburners can he quite important since, in
at least one reported case Involving an aftcerburning engine (Reference 34),
sufficlent NO) exlisted In the exhaust that the plume was visible. In the
proposed afterburner emissions measurement procedure, it i{s thus important
that both total NOy, and NO neasuremernts be made since, at least for some
future engines, it may be necessary to set some limit nn the NO2 concentration
in order to prevent plume visibility.

Due to the potentiallv high NO2 concentration in the exhaust of after-
burning engines, it 1s particularly import ..t that the converter in the NoO
analyzer be highly efficient and that frequ 'nt checks be made to assure proper
operation of the converter. This factor wa: consldered in the preopesed emis—
sions measurement procedure.

Tt 1s recommended that smoke measurements not be requlred for enzines at
afterburning power levels. Smoke measurements made In Phase !T on the J79-15
engine showed a decrea =2 in smoke level with increasing reheat power level,
This is to be expected since conditions in the mainburner are most conducive
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to smoke formatlon, while the high temperature, low pressure condftions {u the
afterburner would tend to oxtdize smoke particles and hence reduce the nmoke
level. The highest smoke levels, thus, are likely to occur under nonatter-
burning conditions, and adequate procedures alreadv exlst for such measure-
ments (c.,p. SAE ARP 1179),

The tlvalvzed measurcnent proveduie, descerlbed fnoo totuat sfullar to
that used ror SAE ARDP LUH0, is presented as Appendla B oot this report.  the
finalized measurement procedure is Jivided {nto two parts:  Part A - Far Pluae
Procedure, and VPart B - Near Plume Procedure. tach part ls Jdivided (nvo nine
sections as follows:

Befinitions
Analvais Fguipment
Samnling Fguipmeat
Fquipment Tavout

Pastroaren! Root fes

Relurency vases

Test Procedure

Minimum Tnformation te be Recorded
Calculation of Resules

OO~ T N DL Py —
. . .

some Jiscussion ot npeciiie detat]s ot Cow twe meas vuenl wethods Iy

contained in the following sections ot this veport.

/.2  FAR PLUME PROUCEDURE (PARLT A)

Section A2 - Analvsis bguipment - Mol¥ ingtruments ave specificed for CO
and €O medsurewents, 1lase 1onicatlon Jetoector tor wo, and chemilunlaescency
analyzer with converter tfor No and Nog.  This follows the LA equip ent
speclfications (Fed.ral #ci-ter, "ilv 17, 19730 rather than the SDIR-NDUV
combinatious for NO=N07 regsurencnts spec Cried o ARY O TIS6 0 For o the NDIR
instruments, Zerv Jrits and spant drint o are specitaed as oy per-ent ter |
oo b~ Lvncnally o peanireds Repeatabilite and
Poaensiticit s of 0 b tor 00 oand 3,008

hour, rather than 1 per.ent

noise are specitied at L0 e o

ar

percent for 'O iz requited.  Thesr latter roqgqulresents are Cousisteat with the

lower concentration levels cineenntoerad with the Far Clune procedure. For the
HC and NO analyzers, the ueise, sero dritt, and span Ittt are as specitied In
ARP 1296, since the more ~efs1ti o« anees available on these instraments result
in total instrument sensiticre adeguate ter the Far Ylame procedure,
correntional o prche desian s requtred

St 3y K — T Uore
Sectivn A Sampling o, ment
hot water or steam

with specified probe temperatures such oas to permit oithe:
heating. In corder tu opecits crplice hovations, bhoth axial and radial, the
sampling svstem is scaled acocrdie, to the cnnivoe neczle diameter. A minfmum

of 1l sampling points is rtecaire !, oyt elv vauad Ty spaced across a
diameter, This number 1 g les cer-tta s minetal o atiatival treatment of
the data. Fewer samples oan be o 2abern wits corvespondtine by reduced measurement

accuracy. With onlvy two sawples, the tatistival trevtment fs ewanineless

e,
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since a perfect straight line fit vesults. 1In principle, the method can be

used with only one sample, if an Independent measurement or estimate of the
ambient levels 1is available.

Sample line temperature 1s specified at 300 + 27° F, which is consistent
with the proposed revision to ARP 1256 now being conaidered by the SAE E-~31
Committee. The tolerance i3 increased from 9° F over that required by the
current ARP 1256 and the EPA requirement. There appears to still be some
controversy concerning specification of sample line tewperature.

Since very long sample lines would probably be involved with this pro-
cedure, no maximum sample line length is required. The requirement of 10-

second gas trausport time effectively limits the sample 1ine length to 2
reasonable value,

Section A4 -~ FEquipment Layout - The equipment layout Is similar to that
specified 1n ARP 1256.

Section A5 - Instrument Routlues = Instrument routines are similar to
those specified ia ARP 1256, Additlonal checks of instrument zero and span
drift, repeatability, and noise level are specified., Thermal converter

efficiency check is as specified in the EPA procedure. This efficiency check
1s required at least monthly.

Section A6 - Reference Gases - Specified Reference Gases are similar to
those required by ARP 1256,

Section A7 - Test Procedures - Strong crosswinds can deflect the plume,
and a 5-mph crosswind limit is soecified. Ambient alr concentration limits are
not specified in the procedure gince the data reduction method takes ambient

levels into account. The procedure does contailn a caution against high ambient
levels.

Section A9 - Calculatic: of Results — CO and CO2 are first corrected to
true sample molsture level, in case a diver was used. A linear fit of each
poilutaat versus CO2 is then wade by the method of least squares. Correlation
coefficlents are calculated by standard statistical procedures. 1If the slope
of the line 1s larger than 10, then the correlation coefficient 1s required
to be greater than 0.95. This value was chosen after considerable deliberation
concerning what was obtained during the Phase TIT and Phase I1I measuremen.s
and what might reasonably be c¢hbtained with some care.

Emissions indices are tlien calculated from the slopes of the linear fits.
The emission flow rate (lb/hr) is then calculated from the overall engine fuel
flow and the emission index. Emission standards or goals may be specified
either in terms of emission Indices or total flow rate of emissions. The

problem of establishing Air Fovce standards or goals for afterburning engines
is not addressed In this program.
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7.3 HWEAR PLUME PROCEDURFK (PART B)

Section B2 - Analvsis Equipment ~ With the exception of the chemllumines=-
cence znalyzer for NO and N0y, the specified equipment is basically the same
as that 1in ARP 1256,

Section B) - Sampling Egulpment - The sampling probe 1s required to be of
the yuenching tvpe, and the pressure ratio acroes the orifice {s required to
be at least 5. Only general guidelines are given in regard to coolling of the
probe structure, since the responsibility for the probe integrity must rest
with the probe deslgner and operator. Total pressure measurement is permitted
to he separated by no more than 0.2 inch from the sampling point, which permicy
use of a combination tip in which pressure and gas sample are obtatned from
separate orifices. The two measurements may then be obtalned simultancously,

The axial sampling plance fs vequived to 1le within elght inches of the
exhaust plane., This would allow for normal prowth of the engine and also for
axial translation of the nuzzle, A ninimum of 22 sampling points are specifled
to lie across two diameters. The points are specified to be approximately
equally spaced, although this results in somewhat 1nadequate coverage of the
outer exhaust region, Equal ares sampling, on the other hand, results in
sparse covevage of the inner reglon where quite severe gradients have bcen
encountered. To accurately locate the edge of the exhaust stream, as required
for the plume model, the total pressure at the outermost sampling point is
required to be between 1.05 and 1.10 times the ambient pressure. The actual
edge of the stream is determined by extrapolation of the outermost point.

Section B9 - Calculation of Results - All required calculation of results
is accomplished by the plume model. Assembly of the plume model 1nput data,
however, requires some effort. A difffculty that evolved over the course of
this program {s that, to conserve computer time, the plume model 1s set up to
accommodate 11 samples »r stream tubes. ‘liowever, due to the circumferencial
gradients which can exist when afterburning, at l:ast 22 samples are judged
to be required to obtain representative sampling. A manual procedure 1s speci-
fied which effectively averages the data by ploitting agoinst radial pesition
and drawing a smooth curve through the data polnts. FEleven values are then
selected from the umooth curve for input to the plume model. These 11 values
are selected to be In centers cf 11 equal areas.

Several alternative approaches are possitle which are not contained in
the finalized procedure. The first i{; to revise the plume model to accommudate
22 or more Iindividual samples. This would be a considerahle task and would
involve increased computation time in the data reduction. This should, however,
vegult in more reliable overall data. The =econd approach [s elther to reduce
the number of sampling points to 11, or to carefully select 1l sampling points
from the 22, in order to reduce the plume model 1input to 11 sets of values.
This latter approach would be the least reliable. The approach specified in
the finalized procedure is recommended, since the moderate effort required
should result in increased data reliability and, in addition, it is well to
plot the curves in order to ohserve the radial and clrcumferentlal variations

in concentratlions and total pressure.

194

Wiisenl

l | .
&mwmwwmmmmmwmm



g

G bt~

[t i5 required that plume model output be computed at 0, 35, and 50 nozzle
radii dowmatream of the exhaust nozzle in order to determine {f reactions are
completed, as determined by fdentical values at the 35 and 50 radii axial
statlons, If the two values are not the game within 5 percent, then the com-
puter program shall be rerun for an axial distance of 70 nozzie radil
downstream,

The computer program calculates total gas flow and fuel flow, alonpg with
emlssion Indices and total contaminant flow. The standard or goal may thus be
specified as elither contamirant flow or emission index.

A check of data consistency or represrntative sampling is required which
specifies that the calculated fuel flow shall agree with the metered fuel flow
within + 15 percent. However, a retest is not required if the agreemeut is
not within + 15 percent, Tt should be up to the standard-setiing ageucy to
specifyv the procedure {{ the data consistency check 1s not met.

The plume model is currently not programmed to calculate NO or NO2 ipn the
exhaust, even though the NOx and the NO measurement are required, However, if
NO2 visibility criterla are developed in the future, the plume model should
be modified to calculate total NO2 flux at the various stations.

Tt might appear that substantial simplification of the total modeling
approach could be developed. A possihle method to accomplish this might be
to use the complete model for a parametric study to generate a series of
graplis from which consumption of species in the plume might be obtained,
However, the eugine afterburner emissions data obtained on this program have
demonstrated that the distribution of CQ and HC at the nozzle exit plane, along
with 1ts relation to the temperature profile, has an extremely important effect
on subsequent consumptlon of these species in the plume., Quantities of these
gases existing near the engine centerline are constrained to mix with the hot
surrounding gases and thus tend to be largely consumed, while those existing
near the =xhaust boundary mix with cold surrounding gas and the reactions tend
to he quenched. It is not clear how svch distribution might be quantified for
inclusion in the graphical approach referred to above, Basically, then, it is
the dependence on distribution which prevents significant simplification of
techniques empleved for predictlons of consumption in the plume.
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SECTION 8.0

FINAL ENGINE EMISSTONS TESTS USING NEAR PLUME AND FAR PLUME PROCEDURES

After the final measurement procedures were defined early in Phase 111 of
this program, another series of afterburner emissions measurements were made
on the same J85 and J79 engines as had been used for the Phase 1l engine tests.
Results of these Phase IIT engine tests are presented 1a thie section of the
report,

8.1 TEST SETUP AND INSTRUMENTATION

The proposed ''Far Plume" procedure for afterburner emisslons measurements
necessitates accurate measurement of emigsions levels considerably lower than
those normally encountered In gas turbine emissions measurements., Special
procedures were investigated to enable reliable measurements at the fractional
part per million levels. The actual levels measured are close to normal ambi-
ent levels. 1t is obviously desirable to be able to use the same, or slightly
modified, analysis equipment normally used at the nozzle exit locations for
nonaf terburning engines.

Aceuracy of the concentration measurementa at very low levels 1s determined
primarily by the sensitivity and stability of the measurement ingtruments. An
investigation of some factors affecting the sensitivity and accuracy of the
analyseis equipment was made. It was found that adequate sensitivity of all
instruments can be obtained with a digital voltmeter readout having l-millivoilt
gensitivity and a 5-volt range. This was the type of readout used in the Phase
11 engine tests. For CO, HC, and NOyx, the sensitivity was about 0.1 ppm with
this readout, and better than C.001% for CO02. In some cases it was found that
improved signal-to-noise ratio can be obtalned with reduced instrument gain.

A check of instrument stability was made by obsecving the instrument out-
put over a period of several hours with zero gas (N2) flowing through the
gystem. The total variation observed, expressed as equivalent concentration,
was + 0,35 ppm for CO; * 0.001% for C02; + 1.3 ppm for HC; and + 0.16 ppm for
NO. Except for the HC analyzer, the stability measured was comparable to or
better than that observed on other instruments used for GE engine testing and
ig within the manufacturer's specified stability limits. A representative of
the manufacturer was consulted in an attempt to improve the stability of the
HC analyzer. At his suggestion, a contalner of moiecular sieve was put in
the line to remove residual hydrocarbons from the zero gas. Conslderable
improvement in stability was obtained after this modification.

From these 1investigations of the behavior of the gas analyzers, it was
reaffirmed that these instruments are suitable for reliable measurement of
gas concentratious neatr ambient levels, provided that adequate precautions are
taken c¢o obtain sufficilent sensitivity and stability.
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Some revigsions were made to the CAROL data reductlon program in prepara-
tion for the Phase IIT engine tests., This time-gharing system computer pro-
gram was used to perform initia) caleculations with the gas analysis data
obtained during eangine testing. The data from the test log was filed in the
time-sharing system at Edwards. The program was then run elther at Edwards
or at Evendale. The digital data acquisition system (PCM) which had been used
for the Phagse II engine testing was not used for the Phase Y11 engine tests,
since the quantity of data required did not warrant its use. The test data
was thus entered into the time-gharing system from the test log rather than
via the digital data acquisition system, Data prnceasing beyond the CAROL
program, including input to the plume model, was handled as in the Phase II
engine tests.

One other modification to the data reduction procedure involved inccr-
poration of the ABE program directly into the CAROL program. The ABE program,
which performs a linear fit of emission concentration versus C07 concentration
by the method of least squares, was run as a separate program during Phase II
engine tasting, The ABE program 1s specifically intended to process data
obtained at probe locations far removed from the nozzle exit plane (Far Plume
procedure), where measured concentrations can approach ambient levels.

T T A

The sampling and analysis system used in the Phase III tests was basically
the same as for the Phase 1T tests. One exception, however, was the addition
of a sample pump immediately before the gas analysis system. This consider-
ably speeded the sample cransit time, since the pressure was reduced in the
long length of sample line between the gsample pump at the probe and the anal-
sis system,

8.2 FINAL TEST RESULTS = J85=5 ENGINE

Afterpurner emissions measurements on the J85-5 were made at four engine
power settings (Military, Min A/B, Mid A/B, and Max A/B) using toth the Near
Plume (nozzle exlt plane) and Far Plume (30 feet aft) measurement procedures.

Initially, attempts were made at measuring ambient levels near the inlet
of the JB5 engine. An open stainless steel tube was mounted near the side of
the engine inlet screen which covered the bellmouth, and a sample from this
tube was pumped to the analyzers. During engine operations, analysis of the
samples showed high and erratic concentrations, especially for HC iuring A/B
operation, It appeared that engine leakage or local recirculation patterns
contributed to these erratic readings. Gross reingegtion of exhaust was not
the major problem since no large increases in engine inlet temperature occurred.
It thus appeared that the ambient sample location adjacent to the engine inlet
was a poor choice for these particular tests. Attempts to measure "amblent”
levels 1in the vicinity of the engine were then abandoned. Note that direct
measurement of the amhient levels 1s not required for the Far Plume procedure, ;
gince ambient levels are accounted for 1n the data reductlon process,

Table 19 is a summary of the engine operating data for the J85-5 Phase
111 tests. Column headings are as in Table 8, which gave a summary of engine
operating data for the Phase 1T tests,
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Figure 84 shows fuel-air vatio profile for the J85 at the nozzle exit
location at various power levely, Data are similar to those obtalned during
the Phase [l engine tests. Figure 85 shows the fuel-~alr ratio profile for
the J85 at 30 feet aft of the nozzle. The data indicate good symmetry around
the engine centerline, Similarly symmetrical radial proffiles for CO at 30
feet aft are shown in Figure 86,

Figures 87 through 90 show plots of the emlesions concentrations versus
€02 at the four engine power levels. The linearity of the relationships and
the locations of the intercepts can be seen on these plots, It should be
noted from these figures that apparently good gensitivity and accuracy at
very low levels were obtained.

Table 20 1is a summary of emissions data from both the Near Plume and
Far Plume methods, Excellent agreement between measured fuel flow and calcu-
lated integral fuel flow was obtained with the Near Plume procedure. Falrly
good agreement with Phase IT test data was obtalned, as will be shown 1in a
later section of this report.

Table 21 1s a summary of statistical parameters from the Far Plume pro-
cedure. Linear correlation coefficlents are typically above 0.99, indicating
excellent linearity of emlssion concentration versus C02. The exception is
for very low slopes (Bl less than 10) whetre, as would be expected, much lower
correlation coefficients are obtained)., The values for BO, the y-axis inter-
cept of the plot of emission concentration versus C02, correspond more closely
to reasonable ambient levels than was the case with this procedure in the
Phage 11 tests.

8.3 FINAL TEST RESULTS - J79~15 ENGINE

Afterburner emissions measurements were made on the J79-15 engine at four
engine power settings (Military, Minimum A/B, M{d A/B, and Maximum A/B) using
both the Near Plume and Far Plume measurement procedures. Measurements by the
Far Plume method were made at the station 60 feet aft of the nozzle exit plane,
Except for some delay due to exceedingly high winds in the test area, these
tests proceeded essentially without incident.

Several modifications were made to the measurement system for the Far
Plume measurements., A geparate sample line was run to the sample plane, and
the inlet was fixed at a position 11.9 feet from the projected engine center-
line. For each test point, two samples were withdrawn from this point and
included In the data reduction procedure, This line permitted taking samples -
closer to the edge of the plume, since the probe could only be moved to a -
position about 9.2 feet from the englne centerline. .

A second modification to the system involved the use of a hydraulic
damper to suppress vibration of the probe induced by the violent turbulence
within the plume. The hydraulic damper, a cylinder fixed between the probe _
arm and the pad, seemed to be effective in reducing vibrations, although no .
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quant{tative aeasure of Ity effectiveness was made. This damper was shown
earlier in this report (Figure 10).

Table 22 1s a summary of the engine operating dats for the J79=15 final
afterburner emisslons tests.

Figures 91 through 9 show radial profiles of fuel-alr vatio, CO, HC,

and NOx for the J79-15 at 60 feet aft of the nozzle exit plane, As with the

JB85 data, these measurements demonstrate good symmetry and sensitivity. The
apparent plume centerline is about 10 inches above the projected engine center-
line, corresponding to an angular displacement of 0.8 degree. Tt should be
noted that radial locations for the final emissions measurements are uncorrected
values (computer program NEWRAD was not used), since the data reduction pro-
cedure used (slope method) does not require radial position measurements, Note
also that the highest €O and HC levels occurred at mid A/B power level,

Flgures 95 through 98 show plots of the emissions concentrations versus
CO2 at the four engine power levels, The linearlty of the relationships and
the locations of the intercept can be judged on these plots, At military and
maximum A/B (Figures 95 and 98), the slopz of the HC plot 1s negative, indi-
cating a negative emission index., This indicates that the engine exhaust was
actually lower in HC concentration than was the ambient air,

A summary of the J75-15 emissiong data 1is given in Table 23, which shows
results of both the Near and Far Plume measurements. For the Near Plume pro-
cedure, excellent agreement between measured and calculated fuel flow may be
noted, The data show good internal consistency, and, except for the mid A/B
power level, the data are in good agreement with the Phas> IT test results.

At mid A/B power, unusually high concentrations of HC were noted at the nozzle
exlt location, Examinations of local profiles show considerably higher HC
concentrations near the nozzle perimeter than occurred in the previous Phase

T1 tests, HC in this region was not completely consumed in the plume since

it tended to mix with the surrounding cooler ambient air. Thus, high HC levels
persisted even to the 60-foct station, as shown by the Far Plume measurements,
Some conversion of HC to CO apparently occurred in the plume as indicated by
the higher C0 level at the 60-Toot station. Total reactive carbon (carbon as
CO + dC) was, however, about 20 percent lower at the 60-foot statlon than at
the nozzle exnit.

The basic cause of the higher emissions in these tests at mid A/B powver
is noc apparent., It is clear that the fuel from the annular A/B system was
not burning as efficlently as in the previous test, and that this could be
related to differences in test conditions such as ambient temperature or pres-
sure, or to some real changes in fuel split between the various A/B fu. ! sysg-
tems. This problem indicates that for continucusly modulated afterburners,

a large number of power settings should he investigated in order to accur..elw
determine the emissions characteristics of the engine,

The N0 concentration in the plume was also highest at the mid A/% power

level. At mil{itary power, essentially 100 percent of the NN, was NO_, while
at mid A/B power, only 16 percent of the NO, was NG,
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Table 24 is a summarv of statistical parameters trom the Far Plume pro~
cedure for the final J79 tests, Linear correlation coefficients are generally
above 0.98 except for very low slopes (Bl leas than 10),

8.4 COMPARISON OF PHASE II AND PHASE III MEASUREMENTS

A total of seven gepavate emisslons measurements were made at various
axial stations, at each of the four power settings, for each of the two engines.
There were a total of 56 separate tests. To compere these data, the emission
index of each contaminant was plotted against axial distance for each engine
and for euch power level, Theae plcis are shom 1in Figures 99 to 104,

For the Phase II tests, at the three axial stations nearest the engine,
the data were reduced using the {ntegrai computer programs; while at thoe two
stations farthest from the engine, the slope methoad was used. TFor the Phase
LLI tegts, the Near Plume and Far Plume procedures were tolloved, 1n which the
integral data reduction programs are used at the nozzle exit location and the
slope method at the downstream location, As has been explained previously in
this report, the data from the Phase II tesis at the two locations farthest
from the engine are of questionable accuracy, but they are included here for
comparison purposes.,

Figure 99 shows CO emission index for the JB3 versus axlal distance for
the varlous power levels. The solid curves indicate what 1s judged to bhe an
average or most probable value from the tests, The Phase Il data at the
farthest downstream locations are generally disregarded for these curves, The
dashed curves indicate what appears to be ¢ general change in level between
the Phase IT and the Phase II7 tests. The exact reason for this change 1s not
clear. Figure 99 shows constant CO with axlal distance at military power level,
an Initial increase with axial distance at winimum A/B, and rather larece con-
sumption of CO in the plume at both mid A/B and maximum A/B. The increase in
CO at minimum A/B resulted from the concurrent partial oxidation of HC (¥igure
100), Although there may have been some consumption occurrine, there was a
net production of O, Changes 1n CO level apparentlv ceased atter about 3 feet
at minimum A/B, 10 feet at mid A/B, and about 18 feet at maximum A/B.

Figure 100 shows HC emission index versus axial distance for the J895.
Data from the various tests are fairly consistent in maenitude and show con-
sistent trends with axial distance. lC was most reactive in the plume and was
nearly completely consumed at the higher A/B power levels.

Figure 101 shows NOy emission Index versus axlal distance for the 183,
These data show essentially constant NOy emission {fadex versus axial distance
at all power levels,.

The CO data [or the J79 are shown in Tigure 102, Agaln, an apparent
change in level between the Phase 1T and Phase III tests is indicated bv the
dashed curves. In the Phase IT tests, net consunption of CO in the plume was
indicated at mid A/B power level while in the Phage TIT tests, net production
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of CO was observed. This difference in CO variation with axial diatance is
attributed to the higher HC concentrattions in the Phase 1IT tests (Figure 101).

The HC plume data for the J79 are shown in Figure 103. Except for the
Phase I1I tests at mid A/B power level, very low residual levels of HC existed
for the J79. As has been mentioned previously in this report, the high
rvesidual HC levels at mid A/B power level for the Phase T11 tests are attri-
buted to the high initial HC concentration outside of the flame zore, which
mixed with low temperature amblent air and was thus not consumed in the plume,

As was observed for the J85, Figure 104 shows no appreciable change in
NOx 1n the plume at any power level for the J79.

The data shown in Flgures 99 to 104 suggest some general observations
that can he made regarding the change fn total emissions with axial distance
in the plume of afterburning engines. Total CO may elfther increase ov de-
crease in the plume, depending on the overall HC level and the distribution
of HC., The incresse in CO, if any, must be consistent with concurrent
decrease in HC, The total HC generally decreases in the plume at all A/B
power levels. No change in total NGy has been observed in the plume at any
power level,

It should be noted that the overall changes referred to here are changes
in total flow rate, as indicated by changes in the emission index, If one
compares emission indices at different power levels, it must be noted that the
fuel flows are different and the emission index of itself is not a good index
of the total changu. A comparison of flow rates for the various power settings
for the Phase I1! measurements has already been given in Table 20 for the JB5
and in Table 23 for the J79.

The overall repeatability of the measurements, as judged by the data of
Figures 99 and 104, appears to be falrly good. Tt is apparent, however, that
with high initial levels of HC, the changes in CO and HC in the plume are
extremely sensitive to the initlal distribution of HC. 1In additior to the
overall precision of the emission measurements, the repeatabilicv of the data
is affected by the changes {n ambient conditions and by normal engine vari-
ability. A quantitative assessment of the effect of each of these factors was
not attempted,

8.5 COMPARISON WITH PLUME MODEI,

Fuel-ailr ratio profiles predicted by the plume model were compared with
local fuel-air ratios aes measured by the Far Plume procedure during the final
engine emissions test series (Phase I1I). Figure 105 shows the plume model
predictions plotted against radial distance for the J83-5 at minimum A/B
(Figure 105a) and maximum A/B (Figure 105b) power levels., Measured values at
the same axial station (30 ft aft) are shown for comparison. These plots
indicate local measured fuel-air ratios somewhat lower than the predi.ted
values, as was penerally observed in the Phase 11 engine tests (comparisons
presented in Section 6.1), The data trom the J79 engine tests showed similar
trends.
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Figures 106 through 111 1llustrate use of the analytical plume model to
predict the subsequent consumption of contaminante measpured by the Near Plume
procedure as the hot exhaust gases mix with ambilent air. Shown for compatrison
are the emissions Indices measured by the Far Plume procedure. These i1llus-
trations reveal that the residual emissions measured by the Near Plume pro-
cedure and extrapolated by the plume model can, in some cases, differ signifi-
cantly from the corresponding values mecsured by the more direct Far Plume
procedure, 1In th2 case of CO, the extended Near Plume residual can differ
from the Far Plume value by as much as a factor of two. 1In the case of WG,
the Near Plume method can yileld a small residual where none 1s wmeasured by
the Fatr Plume method. These observations would suggest that allowable limits
of emissions levels for afterburning engines would have to be set lower if
the emigsions were to be measured by the Near Plume method, than 1f they were
to be measured by the Far Plume method,

It should be noted, however, that the consumption of contaminants in the
plume 1s predicted ty the plume model much more accurately than is the residuai
level, especially when large fractional consumption occurs. For example, 1if
the model predicts consumption of 90% of the initial value, compared to a
correct value of 95% of the initital level, quite good agreement (within 5%)
in actual consumption is indicated. The same values yleld a predicted residual
level of 107 of the initial level versus a correct value of 5% of the initial
level for an actual discrepancy of 100% of the correct value, It 1s thus
obvious that for accurate prediction of residual levels, extremely accurate
values of consumption must be obtained for large overall changes in the plume,
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SECTION 9,0

CONCLUSTONS AND RECOMMENDATIONS

9.1 CONCLUSIONS

The principal conclusions resulting from the work condu:ted under this
program are Lhe following:

l.

Sigrificant changes in emissions levels can vccur ia the plumes of
afterburnineg engines, Moderate increases In CO were observed due

to partial oxidation of HC at low and intermediate A/B power levels.
At the highest power levels (near-stoichiometrir fuel-air ratio)
large reductions in CO generally werc found to ocecur in the plume.
HC was found to be the most reactive contaminant in the plume, and,
at thc highest A/B power levels, eszentially comnlete consumption
of HC oceured. NOx was found to be the least reactive of the
exhaust contaminants. Nu significant changes in NOx 1in the plume
were cbserved at any power level,

These plume reactions must he congsidered iIn the development of
augnentors with reduced G0 and HU emissions levels. The plume
reactiong are dependent upon both the initial (nozzle exit plane)
emissions levels and on the radial distribution of the emiesions
at the exit plane., At low afterburning power levels, obtaining
large veductions in resi{dual CO and HC emissions levels involves
reducing the amount of contaminants generated in the afterburner,
since the consumption of thuese contaminants in the plume is
incomplete. At maximum power levels, CO emissions may be unavold-
ably high at the exhaust plane due to equilibrium dissociation and
local oxygen depletion, but the consumption cof khoth CO and HC in the
exhaust plume is nearly complete at sea level. Thus, the residual
levels of these emissions at maximum power are quite low,

Under certain conditions, NO from the main burner can be partially
converted to NO2 in the afterburner., Since N0O2 is colored, the
poteni.ial for plume vieibllitv exists for afterburning engines.

An aralytical plume model has been developed which calculates from
nozzle exit plane data, the emissionsg levels ultimately ejected
into the atmosphere. This highly complex and sophisticated model
is comprised of:

a. Detalled chemical kinetic mechanism equations;

b, Features for the treatment of mixing within the potential ccre,
as well as suhbsequent mixing with ambient alr;

[« Features for the treatment of mixing of time inhomogeneities,
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5. An afturburning engine emissions measurement technique, called the
"F.r Plume Method," has been developed. With this method, accurate

, vasults ave obtai--« from direct measurementr of emissions levels

; at a location far endugh removed from the engine that mixing and

: chemical reartions are complete. A new data reduction approach has

been devsloped for use with this wethod, which accounts {or ambient

enissions levels and avoida the need for accvrate vnosition measure~

ments and for total and static pressure weasurements. Thie method

also simplifies probe design since quenching of the jas samples 1is

fiot requived.

Fep i e

6. An alternative afterburhing engine emisslons measurement technique,
called the "Near Plume Methed", Las also been developed. This
method genevaily provides less reliable results than the "Far Plume
Method." The "Near Plume Method" {involves measuvementeg of the
emisslcu levels at the nozzle sxit plane, Due to the very high
temperature, nonuniform, and chemically reactive nature of the
exhaust at this locatisn, wery carefully designed sampling probes
are necessary, and aczurate probe position and tota’l pressure
measurements are required to properly mass-weight and area-weight
the individual samples. To estimate subsequent modifications to
the emissions levels due to reactions in the plume, the plume
model computer program ig required to calculate the quantity of
emlissions ultimately ejected into the atmosphere.

7. Analytical instruments normally specified for use in gas turbine
engine emissions measurements (NDIR's for CO and €02, FID for HC,
and chemiluminescense for NO and NOyx) can be used, with little
mndification, for afterburning engine emissions measurements. For
measurements at locations far downstream of the exhaust plane,
special provisions may be necessary to obtain adequate sensitivity
and stability,

8. Smoke measurements made on the J79-15 engine showed a decrease in
suwoke level with increasing reheat power level. This 1is to be
expected since conditions in the mainburner are more conducive to
smoke formation, while the high temperature, low pressure conditions
in the atterburner tend to oxidize smoke particles and hence reduce
smoke levels.

9.2 RECOMMEMDATIONS

Based on the vesults of this progran, the following recommendations
are made:

1. The Far Plume Measurement Procedure should be used 1f a suitable
engine test facility 1s available,

2. The Near Plume Measurement Procedure should be used 1f wmeasurements i
must be made in an enclosed test cell.
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Smoke med:urements should not be required for englnes at atterburning
power levels. The highest smoke levels are likely to occur under nou

afterburning conditlony, and adequate procedures already exist for
such measurements (e.g., ARP 1179),

Further investigation of NU)2 conversion in afterburners should he
made, and criteria for plume visibility due to NO should be
developed.
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APPENDIX A

DERIVATION OF MATHEMATLCAL RELATLONS USED IN PLUME MODEL NEVELOPMENT

This Appendix is divided into four separate parts. FEach part tieats
a major segment of the mathematical relationships emploved in developing
the analytical plume model. These parts are the following:

Part 1.

Part 2.

Part 3.

Part 4.

Computation of Sample Fuel-Air Ratio and Emissions Indices
from Gas Analysis.

Efficlent Calculation of Equilibrium and Pseudo-Fquilibricm
Composition of Combustion Gases.

Thermostatic Properties of Combustion Gas Mixtures and
Hydro-Carbon Fuels.

Interaction of Probes with Two-Part Heterogeneous Gas Streams. 3

i
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PARL 1. CUMPUTATION OF SAMPLE FUEL~-ALR RATLO AND EMLSS5LONS$ INDICES FROM
GAS ANALYSLS

The combustion reaction is written on the bastis of one pound of dry air:

£

1
- + o (L2 + . + . At
g LlU“lOn o (. 209495 02 780881 N 009324 A + .0003 COZ)

2

TR 0 U+ + . C + ¢ NO + § ;
WO ™ iy W F y My bovp Calign Fovyo NO T g CO

2 2 ¢

+ Hzo + Y. 02 + ¢N2 N2 + Yy A (AL)

i, 0 )

From the coustitucent mass balances, some of the ¢'s can be evaluated:
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The total moles of aample mixture per pound of dry air ig

= + oo+ T + +oe
Mt Yo T, T e T o T Yoo, T o T Y, Ty T VA

. ﬁ‘ SR 25 1:Y U S |

- . 2
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n_ ; oVt 3 sz + (142.5n)y, (AB)

The CAROL analyzer measures NO as moles of NO and NO, combined per mole
gas as-sampled: -

“NO
. _NO (AY)
RNOX M,

Likewise, hydrocarbons are measured as single-carbon-atom molecules on an
as~sampled basis:

10+
f

RHC = _M'—; (A10)

Before measuring CO and COZ. the sample Is dried to 32° F saturation, where
the water content is approximately ,006202 moles per mole drv gas. The CO
and C0» analyzer readings are then '

o Yo . |
Reo ™ 17006202 M, (all

A
€Oz~ 1.006202 M,

tAL2)
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PART 2. FFFICIEND CALCUVITON OF FQULLLIBRIUM AND PSEUDO=-EQULLIRRIUM
COMPOUS TTLON OF COMBUSTION GASES

A specialized procedar,
for computation of equilibrium and pscudo=ecquilibrium composition of combus-
tion pases. The procedure (s computationally clficient and has been found
reliable at the temperatare~ oi interest,

Species cencentratiens are expressed as moles of specles per pound of

nisture, Jdencted o i o method i ocomputationally convenient, as will he

showt, atd the 2's oo readily Lo converted o mass fractions

Y1 = (A21)
mixture moleculiar weipht
= 7 (A22)
- i1
n
or mole fractions
8= wi, (A23)

The general combusticn reaction o one pound of Jdry air, { pounds of

tuel G, e md s pounis o water das
t 1 C - eyl - \
ST + CoSA9Y 0 0+ LTE08ET N, 4 L 009324 A 4 .0003 €0))
i } 0 i Z 2 2
; \ L 1 u
-+ _,“'. ,\) > $ + 0 . ll R t I 1.;) \‘i‘
m U . \ D ni .
NG b x-\ Ot
+ oy T L T NooF el A+ NG (A24)
i, [ vt - . N

is used in the afterburner emissions plume model
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where p = 1 + £ + (AZ5)

and my = 120.1 + 10.08n (A206)

Constituent mass balances provide filve couse.vation equations:

H i HZ vl HZO
= }- (..l..(lr_)'.E + .Z),,'. - ( AZ ])
s (50 ")
. . .1 [i0f .0003
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, ('9-”-9—@"') (A31)
im

bquiitbraction of "twe-body' reactions that Jdo not alter molaritv .nd,
Hence, e dndependent of pregsure, are usced to provide five more nonltiacar
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Hr
H, + O & H. O+ Wz, = E gt (A34)
2 2 i 7

1,0
. -» N L - = 8 “TL 4
Co, + 1, T Cu "z“//‘co ; (A35)

1,0

Nk o) 4= VK Ll '
G, NU/Z.NO Ko Lyyho, (A36)

The choice of Equation A3l depends upon whether full-equilibrium or
pseudo—equilibrium composition 1s desired. For full chemical equilibrium,
Equation A3l is provided by cquilibration of a "three-body" pressure-
dependent reaction:

+ 0H
H i HZU

= K (A37)

1n all cases, the equilibrium constants ar: evaluated from the Gibbs free
cieries of the species at the specified temperature (Appendix A, Part 3).
For \"/(.l.".‘ll,\'Z

GV PR PR
. UM ( Wy ( 'Uz)
- NS = ._' - — . - —_— A 8
A (l(j ) KT ) RT (A38)

Vor psvudo—equilibriam composition, fquation Al is provided hy the
specilied mixtare noloounlor weipght (Fquation AZZ):

whivh ds camadszet B the paorame tes o, detined as

[




where my, Is the molecular weight of the "unreacted" mixture (fuel oxidized
only to CO and Hp):

g 1 1 1. , 1 ‘ g
e m o), > 8 D PR
: S I BT I LT (zcc *zy o) (A4Ga)
m 2 2
E (l
’ 2
ZCO .0003 78 881 (A40b)
1,
m u -
a 2 N
YA = K (AQOC)
”20 mH20 . 780881 ;
E
and EC is the molecular weight of the completely reacted J{undissoclated)
mixture:
L1y, L4 Ly , AL
= =73 LH + 35 ZN +5 LC I, b2 1 (A4la)
[
1 1. 1.
A =3 LH + EC +3 LN + EA o > 1 (A41b)
where b is the equivalence ratio
= /1 (A42a) §
209495 m,
£ o= e 1'_ (A&2b)
3 1Um‘ (1. + 4 n)

Options are provided for regarding the CO, the NO; cr both as inert
specivs with predetermined concentration. When these options are exerveined,
Equations A3y and/or Ash are replaced by the predetermined value for Zgg
and/or 4.

iy

The wys-tem of 1L pondinear algebraic equations 1s solved by an iteraiive
techntgue. To fonitiate the procedure, an inefficlent but undissociated mix-
ture sompusitioe 1% compueled where

m
h
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For lean mixtures (¢ < 1),

co
e (1-8) [ro+%s - (2 +22 \l-2 (A43)
Zy, ¢* 2 "~ {%c0, ¥ Puy0 ‘o
and
':.i‘... _..‘1‘ .J.'. _J_‘_’ _J.'..:
20" 2 0 T te T Wt 2 %y, Y2 o~ 7 Mo (A44)
For rich mixtures (¢ > 1),
20, = 1y oy 1 e e N] L), 1
20y = (1= 8) [3 o3t -3 (Zcoz * ZH20>} 3 “No (443) f

2. =0, unless predetermined

Lf not predetermined, Zpg is initialized as a zero of the equation

) 2 N , (-
(K, = 1) 2, [(2 ot g Ly - Bg* hzoz + zwo) (kg 1) (AL6)

and
1 i

y = 25 4+ S L - Lo+ 2 - + 7 4

By, T He 2t T to T 2, 7 %eo T o (a87)
For both lean and rich mixtures, from Equations A28 and A29,

. I , _ -

PHgo T g T 7 e T E /‘uZ Leo T "no (A4B)

v 099 1y used to compuate

For tull-cquilibriuwn compositions, the estimate
the initial mixture.
concent rat ions ol the "|>1 tmars

corresponding
then revise

The {terative procedure is to entimate
specles Hoy, 02, and HHu, compute values for all other specfes
to the estimated val e of the primary species, test for closute,
the estimates of he primary species and repeat. Flrot 2oy, then Zy and /p




are computed directly irom Fquations A32, A33, and A34. 1f not predetermined,
4c0 is computed from a combination of HEquations AZ8 and A135.

: K, ZH

; 4 ¢7"2

: Z, = s (A49)
co ZH20+KAZH2

3 then Zgp, is computed from kquation A28. 1If not predetermined, Zyg is

computed from a combination of Equatlons A30 and A36:

z =\/lxz ('—l-Kz +"L)—~-1—KZ (A50)
“NO 475 02 \4 75 "0 T TN 4 5 "02

then ZNZ {s computed from Equation A30 and Z, from Equation A31.

To test for closure, continuity errors for hydrogen and oxygen are
derived from Equations A27 and A29:

on " ZZH 0 (AS1)

AL, = XH - ZH - ZZH2 - 2 ,

H

AZ

0" o T %o T oy " B0 7 Teo T PEo, T o (A52)

For nscudo-equilibrium mixtures, a third clogure error is derived from
Equatioun A22:

(;{) = (é) S (A3 3)

For full cquilibrium mixtures, the third closure error is derived from
Equations A22 and A37:

~

o~

Z
H.0
S(unPK = {n(PK ~ an\ , - - L.Z (ASG)
( b’ (PRg) = wn iy i7i !
H OH
I't the magnitude of any closure error exceeds the tolerance, new
estimates of ZHZ, Zoy, and o are made, and the process is reiterated:

= Wy vy, RN
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(2. ) = (Z0 ) + AZO (A55b)

new old

T (A55c)
new old

The values of the AZ's that will effect the desired corrections indicated

by tquations A3l through A54 are derived by differentiation of Equations A27,
A29, and A22? or A32:

ny a):“ oL,
AL, = ——~ A + =2 AL, o+ —— AL (A56)
3z, ZHZ 82, 0, azﬂzo H,0
2 2
AL EP) 3L
0 0 0
AL, = === AZ k=== AZ. + - A2 (A57)
0 azH2 H, azo2 0, azHZO H,0

for both pseudo~equilibriun and full-equilibrium mixtures, and

, ;> s (2) ot 1) sy vt () ag,  wsw
m B, \®) 2 0, \® 2 H,0 m 2

2

for pseudo~equilibrium mixtures, or

d J J
Pk - 2 P A [P I SR ) A7
Ain hn) 3z (anKb) AZH + a7 (QnPKG) \LO 37 (QniKG) 7H70
HZ 2 02 2 HZO 2

(A59)

for full cqilivprium mixtures. The set of three linear equations provided

by Equations AS6, A57, and ASB (or AS6, A57, and A59) arc solved simultancously
for the three 7's, after first evaluating the partiul derivatives. This is
done as follows: from Equation A27,

[ vz, 37
H " . Cun

' Y - ¥
2 ) 4,

{AB0)
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Rearranging Equation A4,

inZ, = oK, + mnzuz + AnZy, - znzH20 (Abl)
S " N N S A (h62)
2 Y Z 2 3

H H, H, OH ZHZ

o (M) o1 [ e )
Z RYA 2 {2 ’
OH \ }12 H2

3

3 Combining Equations A60, A62, and A63,

3 o 2 Z
s =243 () g (8 (A64)
W, H, A,

The remaining partial derivatives are similarly evaluated:
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PARI 3.  THERMOSTATLC PROPERTLES OF COMBUSTLON GAS MIXTURES AND HYDROCARBON
FUELS

The compositions of combustion gas mixtures are described by a hybrid
parumeter denoted 24, which 18 the pound-moles of species 1 per pound of
mixture, ‘lhis system is computationally more convenient than mole fractions
or nass fractions, and is the system used Internally in the NASA General
Chemical Kinetics Program (Reference 35), much of which is incorporated in
the plume model.

Using this system to describe the gas amixture, the mixture molecular
weight is:

1.
= = 12 (A76)

Mixture enthalpy, specific heat, and entropy are derived by appropriately
averaging the dimensionless enthalples, specific heats, and Gibbs frec encrgles
of the species at the prescribed temperature T:

H
= 3 " -—i‘.
ho= RT L 2 (RT> (A77)
Cpy
TR E Y (_f (A78)
H G R -
. .. i ( i o) Pm
= . e B (O -2 RN ;
> =Ry % (RT) RT) nZgt - e n Klé.b‘yﬁ) (A79)

Here, Rg = 1.98596 Btu/mole-deg R, and P 1s the prescribed pressure In pounds
per sguare inch.

Uther mixture properties are specific volume (cubic fect per pound):

R JT
vo= e (AKD)
144Pm
where J = 778.2 ft-1bhf/Btu, and sonic velocity (feet per sccond):
R U CARL)




where g. = 32,174 ft-lbm/lbf-sec? and

C ¢

y a CJ! = .___E_R‘. (/\ﬂ.’)
Y C - =
p m

The dimensionless specific heats, enthalpies, and Gibbs free energies
of the pure species are represented as polynomlal functions of temperaturc,
a method recormended by McBride and Gordon (Reference 36) and used in the
NASA Gencral Chemical Kinetics Program (Reference 35):

c

P . ol 3 5

R Al + AZT + A31 + AqT + AST (AB3)
A A A, . A A

4o, 22,032, 43 05 46 T

RT’A1+2 'r+3 T +4 T +5 1 +T (AB4)

A A A A A
& 1. o o lp 3l 43546
RT S Ay (1-2nT) 5 T g T 5 T 50 T + = A, (A85)

Values of the seven~polynomial coefficients for each chemical specics
and two temperature ranges are presented in Table Al. These values are for
temperatures in degrees Kelvin. Except for Ag, the coefficients are the
same as those supplied by Dr. Bittker of NASA as part of the GCKP program.

The coefficient Ay hus been adjusted to conform to the Leneral Electric
customary enthalpy datum. The enthalpies are absolute enthalpies, ecqual to
the sum of (a) the sensible enthalpy of the compound trom its elements in
temperaturc and (b) the heat of formation of the compound from its elements in
their standard states at the reference temperature (Reference 137). The NASA
data, as received, used a reference temperature of 298° K, whervas General
Electric practice is to use absolute zero reference temperature. A correction
SAg was applied to make the computed enthalpies of the five elements in their
standard states at T = 298° K agree with the JANAF enthalpies (Reference i8)
at T = 298° K relative to H = 0 at T = 0. For the elements:

O A T O R Py = s~

~ o <
TANAF 1, 0 L i 298 |,
[cal/mole] o R '
£ U
5 0, 2075 1044. 8768
& N> 2072 1104 3. 36617
=3
] Ko 2004 1019. 19552
=
= Cls) 250 1.2h. BY AR
5 ) .
= A -- 4540
z 2573
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8 The AAg corrections for the compounds were derived from the A, vilnes
3 of the elements in thelr reference states. For example, for H,u:

: (8A) = (8A) + L (AA) (A86)
. 6 00 6 H 2 6 0

A 2 2 2

,f The properties of unburned fuel vapor in the gas mixturc are computed

somewhat differently from the other species. The specific heat is taken as

; that of ethylene gas, coefficlents for which are given in Table A-1; however,
4 the enthalpy ls corrected:

Hf HCZHQ L\Hf

[OOSR St S .. A A7
RT RT  © RT (A7)
' where
AH. = (LHV) + (bh, ) (LHV) (A88)
E f jet fuel fs jet fuel CaMy,
1 LHV = lower heating value at 77° F (AB9)
ahfg = approximate heat of vaporization of jet fuel at 77° F (A90)

st 1.5

This representation of unburned fuiel is inexact, as the fuel is not
UoHy but an undetermined mixture of heavier hydrocarben molecules character-
ized approximately as CypHjg,s hewever, the concentration of noburned fuel
is wsually quite small, so that crrors in vas temperitnre resulting from these
approximations should be negligible.

1f not specified, the lower heating value of liquid jet tuel is cstimated
from the hydrogen-to-carbon ratio n, using the empirical 1elation:

1 . 184686.04 + 379/7.7 n
Y = T 9Taer ¥ (A9 D)

I'.-A}.

derived from the data and correlations ot Jdessup ot ol (Retorence

The absolute enthalpy ot the liquic tuel supplicd te oth main «ombasiom
and afterburner i{s computed trom the enthalpies of oxvpen water vipoea, and
carbon dicxide at room temperature (C7° Fa,oand rrom the towor neeatin, calon
of the tuel. By definition, the bowetr heat one value oo the St teneved rom
4 cansrant-pressure, constant=-temperature redotor 1n which ne peoand o faed

T

j
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{s burned completely to water vapor and COy:

AA LY
Fuel + n}'ﬁt—- I RN R

2

T = 537°7K - ()
T = 537° R
e reaction is:e
(lu ilmll + (10 + 2.5 UR S (¢ CUJ + 5Su HJU (A92)
Writing the heat balance for one pound-mole of fuel:
+ + 2! “omy ) + ¢
l"lht7/ (10 5u) “U\ L (LHV) + 10 “(‘.02 Sn ”'H?O (A9 3)
’'a A

where B is onthalpy per pound and H is enthalpy per mole.  Rearranging, and
expressing in terns of the dimensionless spoecies enthalpies used above!

! FHy 00 v /Hoo| f0RT
, 2) n ( 2 ( n ( 2) v

~ = -—— + . _—. - - e —— z

ht77 (LiiV) + ( s 5 KT ) 1+ AN . (AY4
or, for [ - 33/ R

. . 1ube. ublb (l)d 1830 4+ 47,0276 n) .
: Z oty - 2 \120:10 Lialedb o n) -
'117/' HELARS G U“\ . (AU

lo peacval, the iucl is not supplied to the engine o 7/° F, so that

h = 1 + L-.h[ (A9

whore Shy b the senstble enthalpy o the diquid twel rvelatlve to FUTOF,
Approntruted v
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PART 4, INTERACTLON OF PROBES W1TH TWO-PART HETEROGENEOUS GAS STREAMS

The heterogenzous gas stream is modeled analytically as a "marble
cake”" flow of only two gases, dispersed in each other but unmixed. The two
gases, called "hot" and "cold", are assumed to have the same static pruessure
and, being mechanically interlocked, the same velocity. In the following
developments, they will also be assumed to be perfect gases with constant
(but not equal) molecular weights and specific heats.

This simple model lends ftself to analytical prediction of the response

of measurement probes lmmersed in the lheterogeneous flow. The equatiuvns
derived are those utilized in the plume model.

L. Gas sampcle Probe

The gas sample probe, shown schematically in Figure Al, has ori{fice aurca
A* and is aspirated strongly eaough that the sample flow is choked at all
times, The sample flow is assumed to be steady=state as long as the probe
is immersed in one or the other of the gases, znd the transition periud
during passage of o boundary is neglected.

During a period when the probe 1s sampling onc of the two gases, a flow
function can be defined for the choked orifice (Reference 40):

/ Y+l
5 vl

B S AL - (e

where w is the instantaneovus sample flow rate and P is the instantoneous
vrobe impact pressuare, which depends upon the specitic hweat ratio v oond tie

Mach number:

p
. ‘ o
boe (" M“\] Mo-od CAT)
P - ‘

= . . S MO A )







P e

Over an extended period of time, the total mass of gas sampled per unit
time will be:

v =W

s . + v, (1 = 1) (A100)

where the subscripts refer to the hot and cold gases, and T is the fraction
of time during which the probe samples hot gas. 1t is also equal to the
fraction of free volume occuplaed by hot gas:

v.
T = y(_‘—_,h> (A101)

where y is the mass fraction of hot gas in the free stream, v is specific
volume, and

Vo= yvy 4 (1L =-vy) v, {(A102)

The mass fraction of hot gas in the sample will be:

Wyt
Yo =% (A103)

451

Using Equation Al00 to evaluate Gs.

— = W T+wc (1 -1 (A104)

< f=

Vv, w
U P (.1__ , 1> (A105)
v v, \¥g

Evaluating v from Equation AlQ2 and further rearranging,

R
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The ratio wy/w, can be evaluated from Equation A98:

M (H 2t (A207) E
W, W, (PT/P)
C

Combining Equations Al106 and AlQ7, ]

1 3

P —— " : - - (A108a) z

m> e CBy 319) 1 ‘

1+ v, W, (P,I,/P)C m S\ Ty [\ Vs 3\

Y. (A108b)

[

Total Pressure Probe

The total pressure probe, Figure A2, 1s assumed to contain a large,
closed chamber behind the probe orifice, which is otherwise similar to the
gas sample probe. The pressure in the chamber, Pr, 1s assumed to be steady
and of a magnitude between Ppy and Ppc. Since the hot and cold gases have
the same velocity and statice pressure, the cold gas will have a higher Mach
number, hence a hipgher impact pressure. During the period when the probe is
immersed in cold gas, gas flows into the probe chamber through the orifice. =
It is assumed that the flow separates at the orifice throat, so that the 3
throat static pressure 1s PT, and that the pressure differences are low .
enough that the low-speed approximations apply at the throat: E

2

_ U2 vc <wc>
P~ P = E R (A109)
*

Ic T chvc 2gC A

Here, we is the flow of cold gas wuto the probe while the probe is exposed
to cold pas.
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(a) Prohe in Cold Gas (b) Probe in Hot Gas

Figure AZ,

Tolal Pressurs Proba in Two~Part Heterogeneous Streau.
3
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buring the period when the probe is exposed to hot gas, the gas impact
pressure ls lower than Py, so that cold gas already in the probe chamber
flows out into the probe's stagnation region. Using the same assumptions
as before,

5 Ve (*n
‘ P, - P =-35 (,..*,) (A103)
[

where wy 1s the flow of cold gas nut of the probe while the probe is exposed 3
to hot gas. 4

Over an extended period of time, the total flows into and out of the -

probe chamber must be equal:

Wt s (1L - 1) (A104)

where 1 is the fraction of time during which the probe is exposed to hot
gas, as in Equation Al00. Combining Equation Al04 with Al09 and Al03.

3 2 2 - E
- W, P - P i
1; al;l = 1 T) = — m T (Al05a)
a Wc T P - "P" ".7
5 TC T 3
: or _;
=
2 2 f
- TP, + (L= 1)" P 4
P, = o 24 (A105b)
3 4+ (1 - 1)
:
; 3. Aspirated Thermocouple Probe
c —

§ The thermocouple probe, Figure A3, resembles the gas sample probe, except

: that a thermocouple junction 1s ingserted in the throat of the sampling orifice.
The probe is assumed to be sufficiently aspirated to choke the flow in the
throat at all times. The flow and heat transfer are assumed to be steady-

f state as long as the probe is immersed in one or the other of the gases, and

; the transition period during passage of a hot-cold gas boundary is neglected.

The thermocouple junction is assumed to be sufficliently massive that its i

temperature is constant with time,
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Figure A3, Aspirated Thermocouple Probe in Two-Part Heterogeneous Stream,
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While the probe is imme.sed in one of the gases, the instantaneous rate
of heat transfer from the aspirated gas stream to the thermocouple junction
is

Q = hA (T, ~ T.) (A106)

where A and TT are the surface areg and temperature of the thermocouple, Tr
is the gas total temperature, and h is the mean heat transfer coefficient,
which may be approximated by the empirical formula for heat transfer to a
sphere of diameter D (Reference 41):

D. .37 <133> (A107)

jond|

~

VU

Over an extended period of time, there is no net heat transfer to the
thexrmocouple:

Q v+ Q (le-n1)=20 (A108)

Using Equations Al06 and AI07, this becomes

=, .6 = - . -
Ty 6 (u*/v*)H (Tpgy = Tp) + (~0)k u 6 w*/vh 6 (Tgo = Tp) = 0
(A109)
By continuity,
U*
= W
F T A* (A110)
so that Equation AlQ09 becomes:
.6 .6
(kH (uc Y = =
T -E;) E;l> ;’;) (TTH - TT) + (1-1) (TTC - TT) = 0 (A11l)

The gas transport properties can be evaluated approximately by observing

that, for combustion gases with equilibrium adiabatic temperatures along a
fuel addition line from standard day ambient air temperature,

. g5

(A112)
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is a good approximation up to T = 2500° R, which is close to the upper limit
for base-metal thermocouples (Figure A4). Subatituting Equation All2 in Alll

and solving for Ty,

T 'as w ’6
™H Y o
) T (TTC) <"’c T'I'H + {l=1) TTC
Ty = NE N3 (a113)

tﬂt
==

T
T(.T.IH_> ( > + (1=1)
IC ¢

The ratio of aspirated gas flow rates through the sonic throat of the
probe, wH/w,,, is evaluated by FEquation Al07, and the fraction of time the
probe is exposed to hot gas, T, is evaluated by Equations AlOl and Al02.

T = = (A114)
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APPENDIX B

PROCEDURE FOR MEASUREMENT OF GASEOUS EMISSIONS FROM AFTERBURNING AIRCRAFT
GAS TURBINE ENGINES

PURPOSE

This is the recommended procedure for the continuous sawpling nd
analysis of gaseous emissilons from afterburning aircraft gas turbine engines
and is intended to standardize the emission test procedures and equipment
for measuring carbon monoxide, carbon dioxide, nitriv oxide, total NO,, and
total hydrocarbon. Due to the reactive nature of the exhaust plume from
afterburning engines, specfal procedures are necessary to assuve that the
measured emissions levely correspond to those actually emitted Into the
surrounding atmosphere. This procedure is comprised of Lwo distinct parts,
Part A describes the procedure for use when exhaust gas samples are taken at
axlal stations fer removed from the engine exhaust plane. 'This is the
preferred prucedure. In case the required test facilities are not available
for using this procedure, an alternative procedure is given (Part B) which
involves sampling at the nozzle exit plane., The use of t*: Part B proceduve
requires calculation of the ultimate emissions levels utilizing a computer
program derived from a reactive plume analytical model.

INTRODUCTION

Procedures have been develuped and published by the SAE (Reference 43)
and EPA (Reference 44) for the measurement of gasecus emdssions from atrcraft
gas turbine engines. Since these procedures are not sultable for afterburning
engines, the U.S, Air Force sponsored a program {Contract F33615-73-C-2047)
with the General Electric Company to develop emissions measutement techniques
applicable to afterburning engines. A complete description of the develop-
ment of these procedures {s given in the final repo.t, AFAPI-TR-75-52.

For non-afterbuming turbine engines, temperatures at the exhaust nozzle
are typically less than 1200° F, At such temperatures, chemical reactions
no longer proceed at an appreciable rate and the measured emission levels
correspond to those actually ejected into the atmosphere., Iun the case of
afterburning gas turbine engines, exhaust temperatures can reach 3500° F
and chemical reactions can occur for a congiderable distance downstream
of the exhaust plane. Thus to obtain the true emissions levels for after-
burning turbine engines, the plume should be sampled at a location far
enough removed from the engine that the gases have been cooled to a tempera-
ture where reactions have ceased. Such a technique 15 described in Part A
of this measurement procedure. This procedure, however, requires consider-

able clear area aft of the engine and thus would generally necessltate an
outdoor test facil.cy,
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In case no such test facllity is avallable, measurements may be made
at the nozzle exit location, as described in Part B of this procedure. The
measured emissions levels must then be corrected for plume reactions through
utflizatio: of a computer program derived from a reactive plume analytical
mode 1.

The Part A procedure (Far Plume Method) is the preferred procedure and
normally gives more reliable results, especially at very high afterhurner
power levels, This proucedure, howcver, involves accurate measurement of
extremely low concentrati.ns, which approach ambient levels and special
data reduction methods are required. A test for representative sampling is
provided by statistic'l analysis of the data.

The procedure described in Part B for sampling at the nozzle exit plane
(vear Plume Method) requires the use of carefully designed probes or rakes
which will not oniy withstand the severe thermal and mechanical stresses but
w111 also provide for rapid quenching of the chemical reactions (quick quench
probe) . Accurate probe position and total pressure measurements are required
so that proper mass and ar.ca weighting factors may be applied. A test for
representative sampling 1s provided for by comparing total fuel flow, as
calculated from the exhaust gas measurements, with the measured total engine
fuel flow.

1)




SECTIONS

This procedure is divided Into the following sections:
PART A - FAR PLUME METHOD

Al. Definitions cf Terms

A2. Analysis Fquipment

Al. Sampling Equipment

A4,  FEquipment Layout

A5. lustrument Routiaes

A6, Reference Gases

A7. Test Procedure

A8, Minimum Information to be Recorded

A9, Calculation of Results
PART B - NETAR PLUME METHOC

Bl., Definitions of Terms
B2. Analysis Equipment
B3. Sampling Equipment
B4. Equipment Layout
B5. Imstrument Routines
B6, Reference Gases

B7. Test Procedure

BB, lMinimum Information to be Recorded

B9, Calculation of Results
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PART A. FAR PLUME METHOD (MhASUREMENT PROCEDURE FOR SAMPLING AT AXIAL

Al,

STATLNNS FAR REMOVED FROM NOZZLE EXIT PLANE).

PEFINTTLONS

Al.1 Aircraft Ges Turbine Engine: A turboprop, turbofan, or
turbojet aircraft engine.

Al.2 Engline Exhaust: TFlow of material from an engine as a result
of the combustion of fuel and air.

Al.3 Exhaust Emissions: Substances ~jected into the atmosphere
‘rom the exhaust discharge nnzzle of an aircraft engine.

A4 Particulates: Solid exhaust emissions,

Al.S Smoke: Matter in exhaust emissions which obscures light
transwission.

AL Augmentor: A device or method used to obtain thrust in
addition to that provided by normal operation of the main
engine.

Al 7 Afterbuming Gas Turbine Engine: A gas turbine engine in

which thrust augmentation is provided by injection and
combustion of additlonal fuel in an afterburner. The after-
burner is located between the turbine and the exhaust nozzle.
The term "afterburner" generally applies to a turboje: engine.
[f the engine is a turbofan type, thrust augmentation may be
vbtained by burning in the fan stream (fanburner or duct-
burner) or in the combined core stream and fan stream (mixed-
flow augmentor).

ALLS Pollutant: Objectionahble exhaust emission.

ALY Plume: Region downstream of engine exhoust plane whe -~ exhaust
gases mlx with the ambient air.

Al 10 Total Hydrocarbons (abbreviated HC): The total of hydrocarbons
of all classes and molecular weights in the engine exhaust.

Al. 11 Oxides of Nitrogen (abbreviated NO,): The total of oxides of
nitrogen in the engine exhaust. The total NOy value is cal-
culated as equivalent NOj.
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Al.12 Flame lonization Detectort A hydrogen-ailr diffusion flame
detector that produces a signal nominally proporvional to
the mass flow rate of hydrocarbons entering the flame per
unit of time, generally assumed responsive to the number of
carbon ztoms entering the flame,

AL, 13 Nondispersive Infrared Analyzer: An instyrwent that selec-
tively measures specific components by absorstion of infrared
energy.

Al.14 Chemiluminescence Analyzer: An instrument in which the

intensity of light produced by the chemlluminescence of the
reaction of nitric oxide with ozone is proporcional to the
concentration of nitric oxide. Conversion of NO» to NO prior
to entering the analyzer perwits the determination of both
speciles.

AL, 15 Interference: Instrument response due to components other
than the gas that is to be measured.

Al.16 Calibrating Gas: Gas of known concentration used to establish
instrument respounse.

Al,17 Span Gas: A calibrating gas used routinely to check instru-
ment respo.ase,

Al.18 Zero Gas: A calibrating gas used routinely to check instru-
ment zero.

A1.19 Concentration: The volume fraction of the component of
interest in the gas mixture, expressed as volume percentage
or as parts per million.

A2. ANALYSIS EQUIPMENT

A2.1 NDIR Instruments: Nondispersive infrared (NDIR) analyzer shall be
used for the continuous monitoring of carbon monoxide (CO) and carbon dioxide
(COz) in the turbine exhaust.

The NDIR instruments operate on the principle of differential energy
absorption from parallel beams of infrared energy. The enerpy is transmitted
to a differential detector through parallel cells, one containing a reference
gas, and the other, sample pas. 'The detector, charged with the component to
be measured, transduces the optical signal to an electric signal. The elec-
trical signal thus generated is amplified and continuocusly recorded.
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Response Time (electvical) = 90% full scale response in 0.5 second
or less,
, Zero Drift ~ Less than * 0.5% of full scale in 1 hour on most sensi-
% ! tive range.
A g Span Drift - Less thau * 0.5% of full scale in 1 hour on most sensi~
5 tive range,
= Repeatatility = Within * 0,54 of full scale.
LY Nolse - Less than t 1,0% of full scale on most sensitive range.
Sample Cell Tewperature - Minimum 50° C (122° F) maintained within
2+ 2" C (3.6° W),

|

| A2.1.) Imstrument Performance Specificatious:
, !

|

i

A2,1.2 Range And Accuracy:

Range Accuracy Excluding Interferences
Carbon 0 to 100 ppm t+ 2% of full scale
Monoxide 0 to 500 ppm t 17 of full scale
1 to 1,000 ppm t 1% of full scale
Curbon 0 to 1% % 1% of full scule
Dioxdde 0 to 2% + 1% of Eull scale
0 to 5% t 1% of full scale

A2,1.3 Sensitivity:

CC Sensitivity (on most Sensitive range) - 0.3 ppm
€0y Sensitivity (on most Sensitive range) - 0.005%

A2.1.4 NDIR Cells: All NDIR Iinstruments shall be equipped with
cells of suitable length to measure concentrations within the above ranges to
the indicated accuracy., Range changes may be accowmplished by use of stacked
sample cells and/or changes in the electronic circuitry.

A2.1.5 Interference: Interferences from water vapor, carbon 3
dioxide, and carbon monoxide shall be deter ‘ned on the most sensitive instru- :
ment range. Response of (0 instruments shall be less than 5% of full scale
for 2,5% C0, or 4% water vapor. Optical filters are the preferred method of
discrimination. 1In some cases a cold trap or drying agent may be necessary
to reduce water content below the level at which 1ts interference is accep~ ,
table, j
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A2.2 Total Hydrocarbon Analyzer: The measurement of total hydrocarbon
is made by an analyzer using a flame lonization detector (FID). With this
type detector an ionlzation current, proportional to the mags rate of hydro-
carbon entering a hydrogen flame is established between two electrodes.
This ionization current is measured using an electrometer amplifier and is
continuously recorded.

A2.2.1 General Design Specifications: The analyzer shall be
fitted with a constant temperature oven housing the detector and sample-
handling components, It shall maintaln tremperature within * 2° ¢ of the set
point, which shall be within the range 155 to 165° C (311-329° F),

The detector and sample handling components shall be suitable for con~
tinuous operation at temperatures to 200° C (392° F),

A2.2.2 Instrument Performance Specifications:

Response Time (electrical) =~ 90% of full scale in 0.5 second or
less,

Noise = Less than * 1,0%Z of full scale on most sensitive range.
Repeatability - Within # 1,0% of full scale.

Zero Drift - less than * 1% of full scale in 4 hours on all ranges.
Span Drift - Less than * 1% of full scale in 2 hours,

Linearity - Response with propane in air shall be linear within

* 2% over the range of 0 to 500 ppmC.

+ 4 I+

A2,2.3 Range and Accuracy

Range Accuracy
0 to 10 ppnC * 5% of full scale with propane
calibration gas,
0 to 100 ppmC t 2% of full scale with propane
calibration gas.
0 to 500 ppmC * 1% of full scale with propane

calibration gas.

A2.2.4 BSensitivity

HC Sensitivity (on most sensitive range) - 0.1 ppm




A2.3 Chewmiluminescence Analyzer

A2.3.1 General Instrument Description: A chemiluminescence
analyzer with thermal converter shall be used for measuring nitriec oxide (NO)

and total oxides of nitrogen (NOy). The chemiluminescence wmethod utilizes
the principle that NO reacts with ozone (03) to give nitrogen dloxide (NO2)
and oxygen (0p,. Approximately 10 percent of the N0y ig electronically ex=
cited. The transition of excited NOp to the ground state yields a light
emission (600-2600 nanometer region) at low pressures, 'The detectable region
of this emissiou depends on the PM-tube/optical filter being used in the
detector. The intenslty of this emission is proportional to the mass flow
rate of NO into the reactor. The light emissjon can be measured utilizing

a photomultiplier tube and assoclated electronics.

The method also utilizes the principle that NOp thermally decomposes
to NO (2NOp ~+ 2NO + 03). A thermal converter unit designed to provide
essentially complete conversion of NOy to NO is included as a part of the
chemiluminescence analyzer package. If the sample is passed through the
converter prior to entering the chemiluminescence analyzer, an NOy reading
(NO + NOy) is obtained. TIf the converter is bypassed, only the NO portion
is indicated.

A2.3,2 TInstrument Performance Specifications

Response time (electrical) = 90% of full scale in 0.5 second or
less, '

Nolgse -~ Less than 1% of full scale.

Repeatability - * 1% of full scale.

Zero drift - Less than * 1% of full scale in 2 hours.

Span drift - Less than * 1% of full scale in 2 hours.

Linearity = Linear to within % 27 of full scale on all ranges.
Accuracy = t 1% of full scale on all ranges.

A2.3.,3 Range and Accuracy

Range Accuracy
0 to 10 ppm *+ 57 of full scale
0 to 100 ppm t 2% of full scale

A2.3.4 Sensitivity

NO sengitivity (on most sensitive range) -~ 0.1 ppm
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A} SAMPLING EQUIPMENT

A3.1 Sampling Probe:

A3.1.1 Desipn Concept: The sampling probe shall be constructed
so that individual samples may be withdrawn at various locations across a
diameter of the plume, Mixed samplea are not permitted. Either a single-
element movable probe or a multielement rake way be used,

A3.1.2 Probe Material: The parts of the probe wetted by the
sample gas shall be of stainless steel, Other materials may be used in con-
tact with the sample gas 1f it is demonstrated that the material does not
alter the composition of the sample,

A3.1.3 Probe Temperatures: The sample line within the probe
ghall be maintained at a temperature between 160 and 327° F,

A3,2 Sanplifip Locations. Both radial and axial sampling locations
depend upon the size of the engine. In order to arrive at a common dimen-
sion, refertred to the particular engine to be tested, there ig herein defined
a nozzle exit diameter, and all sampling locations are referred to this
dimension. The nozzle exit diameter is for the maximum engine power condition
and either may be obtained by actual measurement or way be calculated from
engine operating conditions. The calculated nozzle exit diameter is obtained
by complete expansion of the total engine flow to ambilent pressure at the
maximum power condition.

A3.2.1 Axial Sampling Station. The axial sampling plane shall be
no less than 20 nor more than 25 nozzle exit diameters from the nozzle exit
plane as shown below. At this sampling plane, there shall be an unobstructed
area at least four nozzle exit diameters in radial distance about the
projected engine centerline. (See sketch below.)

Engine Engine Centerxrline Probe
aaaaa ) Vﬁ-ﬁ ok, Smavia. el — L and -1
4 Dia, Min,

, 20-25 Dila, ———e—— ]
T 7T 777777777 K77 77777777777 77777777777 77778W7777

Nozzle
} Axial
Exit Plane Sampling
Plane
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A3.2,2 Radial Sampling Locations. A minimum of 11 sampling
points shall be used, These sampling points should be approximately equally
spaced across the plume diameter, with one sample located on the plume center-
line. If the sampling system 18 such that the sampling points cannot lie
in a straight line (across a diameter), then a miniwum of five samples shall
be taken iIn each of two opposite sampling quadrants, with one sample taken at
the plume centerline.

The outermost sampling points shall be at least four but no more
than five exit nozzle diameters from the plume centerline, The sample at the
center of the plume shall be taken at a distance no greater than 0.6 exit
nozzle diameters from the true projected engine centerline.

A3.3 Sample Transfer. The sample shall be transferred from the probe
to the analytical instruments through a heated sample line of either stain-
less steel or Teflon of 0.18 to 0.32-inch ID. The sample line shall be

maintained at a temperature of 300 % 27° F,

Sample line length should be as short as possible, consistent with the
test setup. Sultable noncontaminating sample pumps are required to maintain
the proper samgle flow rate and to provide adequate sample pressure at the
ingtruments., The total sample flow rate shall be such that the sample gas
is transported from the probe inlet to the analyzer inlet in less than 10
seconds.

A4, EQUIPMENT LAYOUT

A schematic diagram of the emissions measuring system is shown in

Figure Bl., Additional components such as instruments, thermocouples, valves,
solenoids, pumps, and switches may be used to provide additional information
and coordinate the functions of the component systems. Parallel installation
of CO and CO; analyzers is an acceptable alternative., No desiccants, dryers,
water traps ot related equipment may be used to treat the sample flowing to
the NOx analyzer. The NOy instrument configuration must be such that water
condensation is avolded throughout the instrument,
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A5. INSTRUMENT ROUTINES

A5.1 NDIR Instruments: Following the instrument manufacturer's instruc-
tions for startup of instruments, the following minimum requirements shall be

adhered to:

A5.1.1 Monthly Routines

(L

(2)
(3)

(4)

(5)

Check detector tuning, following manufacturer's prescribed
routine,

Set instrument zero using dry nitrogen.

Using previous gain settinyg check calibration curves using
calibration gas with nominal concentrations of 30, 60, and

90% of each range used, Use the same gas flow rate through
instruments during calibration as when sampling exhaust. Any
response value diffetring from the previous value by more than
t 3% of the previous value at the same gain setting may reflect
some problem in the ilnstrument system, and a thorough instru-
ment check should be made., Confirm or reestablish calibration
curves for each range. Log gain reading.

Check response of interference gases as called out in A2.1.4.

If unacceptable, determine cause and correct ~- detector
replacement may be indicated.

Prior to each testing period, a check of the instrument zero
and span drift, repeatability and noise level shall be made
on the most senasitive instrument range to insure that it
conforms with the inettrument performance specifications.

A5.1,2 Daily Routine:

(1)

(2)
(3)
(4)

If analyzer power 1s not left on continuously, allow 2 hours
for warmup. (If dally use is anticipated, it is recommended
that analyzer be left on continuously.)

Replace or cleen filters.

Check system for leaks,

Check detector tuning and record reading. 1f the reading
changes by more than t 3% from the previous value, instrument
readjustment is indicated. For the following tests the temper-

ature of zero and span gas in the instrument cells shall be
within + 2° € (* 3.6° F) of typical sample gas temperature
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measured at the outlet of the sawple cell, and gas flow rate
through the instruments snall be the same for zero and span
gas as for sample paas,

(5) Zero the instrument on dry nitrogen. Lf there la a sigificant
change in setting of Zero control, determine the cause and
correct.

(6) Using span gas ¢to give 75 to 90% full-scale deflection, check
X i the response of the instrument on each range using the gain
setting from the previous use, If the reading differs from
the previovs value by wore than 3%, an instrument problem may
be indicated. Check and correct as necessary. If instrument
reading 1is within * 3% of previous value, adjust gain control
to produce proper instrument output. Log gain setting at
final adjustment,

= (7) Check zero with dry nitrogen and repeat step 6 if necessary.

(8) Zero and span shall be checked before and after each test, and
at approximatecly ome-hour intervals during the test.

A5.2.1 Initial Alignment:

A5,2.1.1 Optimization of Detector Response:

(1) Follow manufacturer's instructions for instrument startup

3 and basic operating adjustment. Fuel shall be 60% helium,

. 40% hydrogen containing less than 0.1 ppmC hydrocarbom.
3 )
i
]

Air shall be "hydrocarbon-free" grade containing less than
0.1 ppmC.

- (2) Set oven temperature at 160° C * 5° C (320° F £ 9° F) and

; allow at least one-half hour after oven reaches tempera-
ture for the system to equilibrate. The temperature is
to be maintained at set point + 2° C (¢ 3.6° F).

b (3) Introduce a mixture of propane in air at a propane concen- :
3 tration of about 500 ppwC. Vary the fuel flow to burner 3
4 and determine the peak response. A change in zero may

3 result from a change in fuel flow; therefore, the instru-
3 ment zero should be checked at each fucl flow rate.
Select an operating flow rate that will give ncar maxi-
mum reaponse and the least variation in response with k
minor fuel flow variations. ;
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Optimum

Response
—_—

Fuel Flow —»

(4) To determine the optimum airflow, use fuel flow setting
determined above and vary airflow. A typical curve for
response versus altrflow is shown below:

i}

Optimum

Response
—_—

AL, o B

Air Flow —»

After the optimum flow settings have been determined, these
flows are to be measured and recorded for future reference.

A5.2.1.2 Oxygen Effect: Check the response of the detector
with varied concentrations of oxygen in the sample following steps outlined
below; this test shall be made with oven temperature at the set point and
with gas flow to the detector at optimum conditions, as determined in
A5.2,1.1,

(1) 1Introduce nitrogen (Np) zero gas and zero analyzer; .
check zero using hydrocarbon-free air;, the zero should é
be the same. '

s

(2) The following blends of propane shall be used to deter- ;
mine the effect of oxygen (0y) in the sample: :

Propane in Ny
Propane in 907 N; + 107 O,

Propane in air

The volume concentration of pirujane in the mixture reach-
ing the detector should be :bout 500 ppmC, and the con-
centration of both the 07 and hydrocarbon should be known
within t 1% of the absolute value. The zero should be
checked after each mixture is measured. If the zero has
changed, then the test shall be repeated.
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The response to propane in ailr shall not differ by move
than 3% from the response to propane in the 10%2-0,/90%-N3
mixture, nor differ by more than 5% from the response to
propane in nitrogen.

1f these specifications cannot be met by changing the
sample flow rate or burner pare~eters, such as airflow
and/or tuel flow rate, it is recommended that the detec-
tor be replaced.

A5.2.1.3 Linearity and Relative Response:?

(1) With analyzer optimized per A5.2.1,1, the instrument
linearity shall be checked for the range 0 t» 100 and
0 to 500 ppmC in air at nominal concentrations of 50 and
95% full scale of each range. The deviation of a bast
fit curve from a least-squares best={it straight line
should not exceed 2% of the value at any point. If this
specification is met, concentration values may be calcu-
lated by use of a single calibration factor. If the
deviation exceeds 2% at any point, concentration values
shall be read from a calibration curve prepared during
this aligament procedumm,

(2) A comparison of response to the different classes of
compounds shall be made using (individually) propylene,
toluene, and n~hexane, each at 20 to 50 ppmC concentra-
tion in nitrogen, If the response to any one differs by
more than 5% from the average of the three, check instru-
ment operating parameters. Reducing sample flow rate
improves uniformity of response.

3 A5.2.2 Routine At Three~Month Intervals: These checks are to be
made at three-month intervals or more frequently should there by any question i
regarding the accuracy of the hydrocarbon measurements:

: (1) Check for and correct any leaks ir system,

(2) Check and optimize burmer flows (air, fuel, and sample) as
rcquired by criteria of A5.2.1.1.

(3) Check 0y effect as outlined in A5.2.1.2.

(4) Check response of propylene, toluene, and n-hexane as outlired
in AS.2.1.3.

(5) Check linearity as outlined in A5.2.1.3.




"
B,

(6) Prior to each testing period, a check of the instrument zero
and span drift, repeatabilicy, and noisc level shall be made
on the most sensitive instrument range to insure that it con-
forme with the instrument performance specifications. Zero
instability may be caused by HC condensation in the Zero gas
cylinder. A molecular sieve trap has been found effective in
removing HC from the zero gas.

A5.2,3 Dailly Routine

(1) Clean or replace filters.

(2) Check instrument for leaks.,

(3) Check instrument temperatures.

(4) Ascertain that all flows to detector are correct.
(5) Check zero with zero gas.

(6) The response using blends of propane in air shall be checked
o each range:

For range L ____Use L
0 to 10 ppmC 7 to 10 ppmC propane in air

0 to 100 ppmC 70 to 100 ppmC propane in air

0 to 500 ppmC 350 to 500 ppmC propane in air

If the response differs from the last previous check value by more
than 3% of the value logged during the last prior day's use, an
instrument problem may be indicated. 4

A zero and span gas check shall be made before and after each test ;
and at approximately one-hour intervals during the test. If the
cumulative changes exceed 3% during the day, an instrument problem
may be indicated.

A5,3 Chemiluminzscence Analyzer: Follow the instrument manufacturer's
instructions for startup of instrument.
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A5.3.1 Thermal Converter Efficiency Check: Checl the N0, to NO
converter efficliency by the following procedure, Use the apparatus describoed
and illustrated below:

NO, Converter SBificiency Detertor

e G s A a7 e e e

Ozonator

- e

Lo e e

NO/Ng
Supply C3
[:];“,. Convertov
C Inlet
! 2 Connector

(a) Attach the NO/Ny supply (75~100 ppm) at Cp, the Oy supply at
C1, and the analyzer inlet connection to the efficiency
detector at Cy. 1f lower concentrations of NO are used, air
may be used in place of 0y to facilitate better control of ;
the NOp penerated during step (d). E

(b) With the efficlency detector variac off, place the NOy con- ,
verter in bypass mode and close valve V3, Open valve MV2
until sufficient flow and stable readings are obtained at the f
analyzer, Zero and span the analyzer output to indicate the ’

value of the NO concentration being used. Record this concen-
tration.
3 (c) Open valve V3 (on/off flow control solenoid valve frr 05) and ;
/ adjust valve MVl (0y supply mateving valve) to blend encugh j
. 02 to lower the NO concentratjon (b) about 10%., Record this '
4 concentration, ;
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(d)

(e)

(f)

(g)

(h)

(1)

g

Turn on the ozonator and increase its supply voltage until
the NO concentration of (c¢) is reduced to about 20% of (b).,
NO; is now being formed from the NO+04 reaction. There must
always be at least 107 unreanted NO at this point. Record
this concentration.

When a stable reading has been obtained from (d), place the
NO, converter in the convert mode. The analyzer will now
indicate the total NO, concentration. Record this concentra=
Llull.

Turn off the ozonator and allow the analvzer reading to
stabilize. The mixture NO+Op is scill passing through the
converter. This reading is the total NO, concentration of
the dilute NO gpan gas used at step (c). Record this concen=
tration.

Close wvalve V3., The NO concentration should be equal to or
greater than the reading of (d) indicating whether the NO i
contains any NOj. -3

Calculate the efficiency of the NOx converter by substituting
the concentrations obtained during the test into the following
equation,

9 . - Se) ~ (d) v o)
% E£E. = PH——cqy X 1002

The efficiency of the converter should be greater than 90
percent, Adjusting the converter temperature may be needed to
maximize the efficiency.

If the converter efficiency is not greater than 90 percent, the
cause of the inefficlency shall be determined and corrected
before the instrument is used.

The converter efficiency shall be checked at least monthly.

A5.3.2 Monthly Routine

(1)
(2)
(3)

Adjust analyzer to optimize performance.
Sct instrument zero using zere grade nitrogen.

Calibrate the NO, analyzer with nitric oxide (nitrogen diluent)
gases having nominal concentrations of 50 and 95% of full
scale on each range used. Use the same gas flow rate through
the instrument during calibration as when sampling exbaust.

Log zero and gain settings.
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(4) Prior to each testing period, a check of the instrument zero
and span drift, repeatability, and noise level shall be made
on the moat sensitive instrument range to insure that it
conforms with the instrument performance specifications.

A5.3.3 Daily Routine

(1) If analyzer power is not left on continuously, allow two
hours for warmup.

§’ . (2) Clean or replace filters.

% (3) Check system for leaks.

% (4) Ascertain that flow to detector is correct.
} (5) Check zero with zero-grade nitrogen,

i‘ (6) Zerc and span shall be checked before and after each test
and also at approximately one~hour intervals during the test.

g Ab. REFERENCE GASES

A6.1 Mixture Composition: Reference gases for carbon monoxide and

! carbon dioxide shall be prepared using nitrogen as the diluent. They may

! be blended singly or as dual component mixtures, WNitric oxide reference gas
; ; shall be blended in nitrogen. Hydrocarbon reference gas shall be propane
s in air. Zero gas shall be nitrogen, or optionally high purity air as

specified in A6.4,

J A6.2 Calibration Gases: Calibration gases shall be certified by the
vendor as accurate within * 17,

PO LRI S

A6.3 Span Gases: Span gases shall be supplied by the vendor to a
stated accuracy within L 27,

; than 1 ppm CO., This gas shiall be used to zero the CO, COy and NO analyzer.

Zero-grade air shall not exceed 0,1 ppm hydrocarbon. This gas shall
be used to zero the HC analyzer. Zero-grade air includes artificial air
consisting of a blend of Ny and 07 with Oy concentration between 18 and 21

mole percent.
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A7, TEST PROCEDURE

A7.1 Test Layout: Sot up engine, sampling equipment, and analysis
equipment as specified in Sections A3 and A4,

A7.2 Fuel: The fuel used shall be as specified by the engine manu-
facturar. The carbon-to-hydrogen ractio shall be determined; this pavameter
1s required in the calculation of results (Section A9). The emissions .evels
determined by this procedure may be a function of the type of fuel used, and,
thevefore, the type of fuel shall be included as an integral part of the test
data, as specified in Section AS8.

A7.3 Anbient Conditions

A7.3.1 Ambient Temperature, Pressure, and Humldity., Changes in
ambient temperatvure, pressure, and humldity can cause chauges in emissions
levels both through direct changes in combustor conditions and through
chanpes in engine operating parameters. Since generally accepted methods are
not currently available for eorrecting test data to standard conditions,
extremes of aublent conditions shwuld be avoided., Ambient temperature, pres-
sure, and humidity shall be measured for the test record (Section A8), but
these data are not required for calculation purposes.

A7.3.2 Wind Velocity and Direction. The wind velocity and direc~
tion shall be recorded, and the ¢rosswind and tailwind components shall be
calculated. The crosswind velocity component shall not exceed 5 mph during
the test. The tailwind component shall not exceed 1 mph.

A7,3.3 Ambient Air Composition. Unusually high concentrations
of CO, HC, and CO; in the ambient air should be avoided since high values
can adversely effect data accuracy. For comparison purposes, standard air
contains 300 ppm CO2, and the EPA ambient air quality standards are 9 ppm,
0.24 ppm, and 0.05 ppm for CO, HC, and NOy respectively. Unusually high
concentrations may indicate abnormal conditione guch as exhaust gas reinges-
tion, fuel spillage, or additional sources of these emissions in the test
area, It is suggested that an ambient air sample be obtained with the engine
running before obtalning emissions data at each power setting.

A7.4 Instrument Calibration. Calibrate exhaust analysis instruments
before and after each test period using daily procedures given in Section
A5,




Al.5 Test Sequence

2 (a) Start engiluc and adjust to desired powar setting, allow
' adequate time for stabilizationm,

(b) Measure concentrations of CG, COz, HC, NO, and NO, at 11
radial sampling locations as specified in Section A3.2.2.

E (c) The engine may then be stabilized at another power setting
% and measurements made as in (b) above. Repeat until test
series is complete.

A8  MINIMUM INFORMATION TO BE RECORDED,
The following information, as applicable, shall form a part of the
permanent record for each test,
% AB,1 General:
(a) Facllity performing test and location.
(h) Individual responsible for conduet of test.
(¢) Test number, readihg number, etc.
(d) Date.

(e) Time,

3 (f) Fuel type, fuel specification, additives, H/C ratio and
g ‘ method of determination.

3 (g) Ambient Conditions: temperature, pressure, humidity,
wind velocity, and directinn,

(h) Engine mounting position and height.
! (1) Test procedure designation.

.i (j) Exceptions, if any, to this procedure.

A8.2 Engine Description

(a) Manufa_turer

(b) Model number, serial number
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L : (¢) Time since overhaul and cther pertinent maintenance
information,

(d) Nozzle exit diameter (per Section A3.2) and method of
determination,

A3,3 Engine Operating Data:

2 (a) Nominal power setting, throttle angle.
(b) Rotational speed: Nj, Np.

(¢) TFuel flow (main engine and afterburner).

g : (d) Airflow and method of determination,

(e) Compressor discharge temperature and method of determination.

;;' (f) Compressor discharge pressure or EPR.

(g) Exhaust nozzle position. , B

i (h) Thrust.
} A8.4 Exhaust Sampling Data:
! (a) Axial sampling location.

(b) Radial sampling location (distance from projected engine
centerline),

(¢) Concentrations of C0, C0Oy, HC, NO, and NO, at each sampling
location.

3 (d) Sample line temperature.

(e) Probe coolant temperature.
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3 A9 CALCULATION OF RESULTS

A9.1 General Caleulations Procedure. Calculation of results Involves
the following stepa:

(a) Correction of measured concentrations to actual or wet
concentrations of CO, COy, HC, NO, and NO,.

3 (b) Caleulation of the slope of a linear fit, by the method of
‘ least squares, of the concertration of each pollutant plotted
5 against the concentration of C0y.

(c) Calculation of emission indices (1b per 1000 1b of fuel)
for CO, HC, NO, and NOy from the slopes found in (b) above.

| (d) Calculation of emlssion flow rate (1lb per hr) from emission
indices found in (¢) above and the total engine fuel flow
rate.

A9.2 Symbols | 3

(Co) = Actual (wet) concentration of CO in exhaust, ppm.

(CO3) = Actual (wet) concentration of COy in exhaust, %.

» Rt
hs e " T 4
i S B

(HC) = Actual (wet) concentration of hydrocarbon in exhaust,
expressed as ppm equivalent methane.

(NO) = Actual (wet) concentration of NO in exhaust, ppm.

(NOy) = Actual (wet) concentration of NOy, in exhaust, ppm.

(CO)4» (CO2)4, etc. = Dry concentration of CO, €Oy, etc,

(Co)sd' (COZ)sd' etc, = Seml-dry (0.602% moisture) concentrations
of CO, CO3, etc.

14

a, b Constants in linear curve fit relationship.

Variables in linear curve fit relatlonship;
y represents pollutant concentrations (wet) in ppm;
X represents COp concentration (wet) in 7%,

Yy X

Y{, X{ = Actual (wet) councentration of pollutant (Yj) and COy (Xy)

at each sampling point, ;
m = Total number of sampling points (L = 1 to m). f
r = Correlation coefficient. g
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WFE = Total engine (mainburner plus afterburner) fuel flow rate,
1b per hr.

El, ¢« Emission index of pollutant Z, 1b per 1000 1b fuel
W, = Emission flow rate of pollutant Z, 1lb per hour

n = hydrogen to carbon atomic ratio of fuel

Kg = Correction factor for water of combustion

Correction factor for water of combustion and water vapor
in the inlet air

&

h = Water content (humidity) of inlet air (% by volume)

Mg = Atomlc weight of carbon

My =~ Atomlc weight of hydrogen

g = Standard deviation of y variable

Oy = Sténdard deviation of a

0, = Standard deviation of b

A%.3 Correction jqz“Moisturg. All measured concentrations shall be

corvrected for moisture, as required, in order to form a comsistent basis for
further calculations. The calculation procedure presented here is for con-

version to actual or wet concentration, although any reference moisture level
may be used as long as it 1s consistent for all specles in an equation.

The correction factor Ky corrects measured concentrations for water
of combustion. The factor K corrects measured concentrations for water of
combustion and for moisture in the inlet air. The values of K4 and K depend
on the moisture removal devices in the analysis system. Note that no moisture
removal device is permitted in the NOy or HC analyzer sample lines so that
HC and NOy are always measured on a wet basis., If an ice trap (32° F) is
used to partially dry the CO and €Oy analyzer samples, then the CO and COy
samples are semidry and contain 0,602% moisture. Factors for converting CO
and COz concentrations to appropriate wet values are:

K, = _ 100
d (o)
100 + 1,006 n sd + (Coz)sd (Bl1)
2 104
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vhere (CO)gq and (CO3) 4 ave the weasured semi-dry concentrations. Then,
Concentration (wet) = Ky, x 1.006 x Concentration (semi-dry).

A9.4 Calculation of the Slope of Emlssions vs. CO2 by the Method
of least Squares
At a given engine power setting, the linearity of CO, HC, NO, and

NOy with respect to COz shall be determined, by analysis of the measurements
collected at the various probe sampling locations, in the following mananer.

(a) Using the method of least squares, a parlynominal of the form:
y=a+bx (B3)

shall be fitted to each pollutant (CO, HC, NO, NOy), in tum,
where y represents the wet concentration (ppm) of the pollu-
tant being analyzed, and % is the wet concentration (%) of
C03. The constants a and b are determined by the well-known
least square relationships (Reference 45):

v 2
LX,IX Y ~IY IX
q = = i" izi i '2‘ (Bl.)
():xi) - mEXi
IX, LY, - mIX,Y
b oo ot 12_ 121 (B5)
(1X) "~ mEX,

Xy and Y§ represent the concentrations of X and Y at the ith samp=
ling location of the particular teat point, and the summations are over the
total number (m) of sampling locations at which gas samples were extracted,

The slope, b, of the linear fit is proportional to the emission
index. 'The intercepts are related to the ambient concentrations. Note that
the Y intercept, a, should be no greater than the ambient pollutant level,
and the x intercept, - a/b, should be no greater than the ambient CO; level,
Ambient level is taken to be concentrations in the local air with which the

engine exhaust mixes,
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(b) The appropriateness of the linear fit of each constituent
versus COs shall be determined by calculation of the correlation coefficient
(x) for each constituent, defined by the equation (Reference 45):

- IX, oY, E

wiX, ¥, "
(B6)

re= - - == - S ———
J[mzxf - (zxi)zllﬁzri=(ni)2]

3 Values of r near 1,00 indicate good data consistency over the plime
3 diameter, that plume reactions have ceased, ard that plume mixing is complete.
3 If the slope, b, 18 greater than about 10, then r should be greater than

0.99 if measurements are carefully made. For smalléer values of b, ¢ is S
influenced by instrument sensitivity, and lor values may result.

Low values of r may be an indication that plume reactions are not
complete. I1f b is greater than 10 and r is less than 0.95, the measurements
shall be repeated at a sampling station farther downstream from the engine.
The new sampling station shall be at a distance from the engine exhaust plane
1.3 to 1.4 times the distance of the previous measurements.

(¢) The following standard deviations shall be computed and
reported for each pollutant as a statistical measure of the degree of error
associated with each term in the curve fit (Reference 46):

Iy, - a~bxi)2 )
9 = =1 (B7)
1 "‘zxiz
; 6. =0 . . _
i_ a y (m—l)[m}ixiz . (Exi)zl (88)
N *2 .
m

% = % [ o (B9) E
PN @ tex,? - axp? 1

A9.5 Calculation of the Emission Indices of CO, HC, NO, NO,

The emissions indices (1b/1000 1b fuel) of CO, HC, NO and NO, at
a glven test condition shall be determined from the values of b (Section
A9 .4a, Equation B3) obtained for each pollutant using the following
equations:

1 b
«_ g 2,801 (°co)

10“

Lo ™ TG ¥ nMy) (1 s boo ¥ bHC) (810)




!
i

e e

0,100 (Pne)

El, .= (B11)

HC L+ boo * bye

10

_ 4,601 ("
EINO - ("C + n}h—z ) (312)
! . 4,601 ( ,
Eluox (Mg + ) b;cz%f O (B13)

( w* )

A9.6 Calculation of Emissions Flow Rates for CO, HC, NO, NO

The emlssions flow rates (1lb/hx) of €O, HC, NO, NO, shall be
determined from the equation:

W, » .001 (EI,) (WFE)

(B14)

where z represents CO, HC, NO, and NO,,.
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PART B. NEAR PLUME METHOD (MEASUREMENT PROCEDURE FOR SAMPLING AT
NOZZLE EXIT PLANE)

DEFINITIONS

Bl.l Alrcraft Gas Turbine Engine: A turboprop, turbofan, or
turbojet aircraft engine.

Bl.2 Engine Exhaust: Flow of material from an engine as a result
of the combustion of fuel and oxidizer.

Bl1.3 Exhaust Emissions: Substances ejected into the atmosphere
from the exhaust discharge nozzle of an aircraft engine.

Bl.4 Particulates: Solid exhaust emissions.

Bl1.5 Smoke: Matter in exhaust emissions which obscures light
transmission.

Bl.6 Augmentor: A device or method used to obtain thrust in
addition to that provided by normal operation of the main
engine,

Bl.7 Afterburning Gas Turbine Engine: A gas turbine eugine in :
which thrust augmentation is provided by injection and
combustion of additional fuel in an afterburner. The after=
burner is located between the turbine and the exhaust nozzle.
The term "afterburner'" generally applies to a turbojec engine.
1f the engine 1s a turbofan type, thrust augmentation may be
obtained by burning in the fan stream (fanburner or ductburner)
or in the combined core stream and fan stream (mixed-flow
augmentor).

Bl1.8 Pollutant: Objectionable exhaust emission.

B1.9 Plume: Total external engine exhaust including ambient
alr with which the exhaust mixes.

B1.10 Total Hydrocarbons (abbreviated HC): The total o’ hydrocarbouns
of all classes and molecular welghts in the engine exhaust.

Bl.11 Oxides of Nirrogen (abbreviated NOy): The total of oxides of
nitrogen in the engine exhaust. The total NO, value 1is calcu-
lated as equtvalent NO,.

B1.12 Flame Ionization Detector: A hydrogen-air diffusipn flame

detector that produces a signal nominally proportional to the
mass flow rate of hydrocarbons entering the flame per unit of
time, gencrally assumed responsive to the number of carbon atoms
entering the flame.
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; B1.13 Nondispersive Infrared Analyzer: An instrument that selectively
| measures specific components by ahsorption of infrared energy.

: Bl. 14 Chemlluminescence Analyzer: An instrument in which the in-

| tensity of light produced by the chemiluminescence of the

‘ reaction of nitric oxide wilth ozone 1s proportional to the

‘ concentration of nitric oxide. Conversion of NO; to NO prior
' to entering the analyzer permits the determination of both
speciles.

Bl. 15 Interference: Instrument response due to components other
than the gas that is to be measured.

| B1.16 Calibrating Gas: Gas of known concentration used to establish
ingtrument response.

@l Bl.17 Span_Gas: A calibrating gas used routinely to check instru-
g ment response.

Bl1.18 Zero Gas: A calibrating gas used routinely to check ilastru-
ment zero.
Bl.19 Concentration: The volume fraction of the component of

interest in the gas mixture, expressed as volume percentage
or as parts per million.

B2, ANALYSIS EQUIPMENT
B2.1 NDIR Instruments: Nondispersive infrared (NDIR) analyzers

| shall be used for the continuous monitoring of carbon monoxide
(CO) and carbon dioxide (CO3) in the turbine exhaust.

The NDIR instruments operate on the principle of differential energy
absorption from parallel beams of infrared energy. The energy is transmitted
to a differential detector through parallel cells, one containing a reference
gas, and the other, sample gas. The detector, charged with the component to
be measured, transduces the optical signal to an electric signal. The elec-
trical signal thus generated is amplified and continuously recorded.

B2.1.1 Instrument Performance Specilfications:

Response Time (electrical) ~ 90% full scale response in 0.5 second ;
or less.

Zero Drift - Less than * 1% of full scale in 2 hours on most sensi- ;
tive range. ?
Span Drift - Less than + 1% of full scale in 2 hours on most sensi-
tive range.
Repeatability - Within

[

+

1.0% of full scale.
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Noise = Less than ¢ 1,08 of full scale on most sensitive range.
Sample Cell Temperature - Minimum 50° C (122° F) maintained within
+ 2° ¢ (3.6° ¥),

Accuracy Excluding Interferences

Carbon 0 to 100 ppm + 2% of full scale
Monoxide 0 to 500 ppm t+ 1% of full scale
0 to 2,500 ppm t 1% of full scale
0 to 20,000 ppm £ 1% of full scale
Carbon 0 to 2% t 1% of full scale
Dioxide 0 to 5% t 1% of full scale
0 to 15% * 1% of full scale

B2.1.3 NDIR Cells: All NDIR instruments shall be equipped with
cells of suitable length to measure concentrations within the above ranges to
the indicated accuracy. Range changes may be accomplished by use of stacked
sample cells and/or changes in the electronic circuitry.

B2.1.4 Interferences: Interferences from water vapor, carbon
dioxide, and carbon monoxide shall be detzrmined on the most sensitive instru-
ment range. Response of CO Instruments shall be leas than 5% of full scale
for 2.5% CO,, or 4% water vapor. Optical filters are the preferred method
of discrimination. In some cases a cold trap or drying agent may be necessary
to reduce water content below the level at which its interference 1ls accept-
able,

B2.2 Total Hydrocarbon Analyzer: The measurement of total hydrocarbon
is made by an analyzer using a flame ifonization detector (FID), With this
type detector an fonization current, proportional to the mass rate of hydro-
carbon entering a hydrogen flame is established between two electrodes. This
ionization curremt is measured using an electrometer awplifier and is con-
tinuously recorded.

B2.2.1 General Design Specifjcations: The analyzer shall be fitted
with a constant temperature oven housing the detector and sample-handling com-
ponents. It shall mnintain temperature within * 2° C of the set point, which
shall be within the range 155 te 165° C (311-329° ¥),

The detector and sample handling components shall be suitable for con-
tinuous operation at temperatures to 200° C (392° F).
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B2.2.2 Instrument Performance Specifications:

Response Time (electrical) - 90% of full scale in 0.5 second or less.
Noise ~ Less than * 1,01 of full scale on most senaitive range.
Repeatability - Within * 1.02 of full acale.

Zero Drift - Less than t 1% of full scale in 4 hours on all ranges.
Span Drift - Less than 2 1% of full ecale in 2 hours.

Linearity - Rasponse with propane in alr swhall be linear within

t 2% over the range of 0 to 2,000 ppmC.

B2.2.3 Range and Accuracy

0 to 10 ppmC: + 5% of full scale with propane
calibrdtion gas.

0 to 100 ppmC: 1 2% of full scale with propane
calibration gas.

0 to 1,000 ppmC: % 12 of full acale with propane
calibration gaa.

0 to 10,000 ppmC: + 12 of full scale with propane

calibration gas.

B2.3 Chemiluminescence Analyzex

analyzer with thermal converter shall be used for measuring nitric oxide (NO)
and total oxides of nitrogen (NOy). The chemiluminescence method utilizes
the principle that NO reacts with ozone (03) to give nitrogen dioxide (NOj3)
and oxygen (02). Approximately 10 pevcent of the NO; is electronically
excited. The trangition of excited NO2 to the ground state yields a 1light
smission (600-2300 nanometer region) at low pressures. The detectable region
of this emission depends on the PM-tube/optical filter beirg used in the
detector. The intengity of this emission 1is proportional to the masa flow
rate of NO into the reactor. The light emission can be measuvied utilirzing a
photonultiplier tute and associated electronics.

B2.3.1 Genersl Instrument Description: A chesdluminescence

The method also utilizes the principle that NU; thermally decomposes to
NO (2N)y + 2NO + 03). A thermal converter uanit designed (. provide esseatially
complece conversion of NOy to NO is included aa & part of the cherdluminescence
analyzer package. If the sawmple is pzssed through the converter prior to
enter’ng the chemiluminescence analyzer, an N0y readiag (NO + NO3) is obtained.
If the converter is bypa. ad, only the NO portion is indicated.
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B2.3.2 Instrument Performance Specifications

Response time (electrical) - 90% of full scale in 0.5 second or less.
Notse ~ Leas than 1% of full scale.

Repeatability ~ + 1% of full scale.

Zexo drift - Less than *+ 1% of full scale in 2 hours.

Span drift = Less than % 1% or full scale in 2 hours.

Linearity ~ Linear to within * 2% of full scale on all ranges.
Accuracy = * 1% of full scale on all ranges.

B3. SAMPLING EQULPMENT

B2, Sampling Probe:

B3.1.1 Design Concept: Local exhaust gas temperature at the nozzle
exit plane of afterburning engines may be as high as 3500° F with correspond-
ing total pressures 30 to 40 psia. Extremely careful design of the probe
coolant passages is required to remove the heat resulting from impingement of
the hot gases on the probe surface. The coolant must have good heat transfer
properties (water 1s preferred), and high coolant velocities must he maintained,
especially at the probe leading edge.

In order to prevent continued chemical reaction within the probe, a
quenching-type probe is required. Quenching of the reactions is accomplished
by adequate cooling of the tip and by expansion of the gas flow across the
orifice.

In order to properly mass weight the various samples, impact pressure
must be measured at the sampling point. Local mass €flow 15 subsequently cal-
culated from the local impact pressure, static (ambient) pressure, and total
temperature (calculated from the gas composition). The mass weighting implies
that individual samples must be taken. Due to potential nonhomogeneities in
the exhaust strzam, both radially and circumferentially, a relatively large
number of sawples are required. Either a movable probe (single element} or a
fixed rake (multiple element) may be used. In either case, accurate position-
ing of the probe is required.

B3.1.2 Prohe Material: The parts of *he probe wetted by the sample
gas, except for the probe tip, should be of stainless steel., Other material
may be used in contact with the sample gas, if it 1s demonstrated that the
macerial does not alter the composition of the sample. To assure adequate
cooling, the probe tip shall be of copper (AMS 4500).

B3.1.3 Probe Temperature: The sample line within the probe shall be
maintained at a temperature between 130 and 327° F,
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B3.1.4 Probe Tip Designt The probe tip orifice shall be sized aso
as to give adequate sample flow under critical flow conditions. A short
expansion section directly following shall enlarge the flow passage to a
minimus diameter of three times the orifice diameter, A typieal probe tip
design 43 shown helow:

r‘SX Dia,

- PG

——

Internal Sample Line

/ \\\\\ﬂ Stainless Steel
Probe Body
= Probe Tip

Copper

B3.1.5 Total Pressure Measurement: Total pressure shall be mea-
sured within 0.2 inch of the sampling location. This permits a combination
probe tip design in which separate orifices are provided for the gas sample
and impact pressure measuvements. Alternatively, both pressure measurement
and gas sample may be obtained from a single orifice, in which case the
measurements cannot be made simultaneously.

B3.2 Sampling Locatiuvus

B3.2.1 Axial Sampling Plane: The axlal sampling plare shall be
within eight inches of the plaune at which the exhaust is completely expanded.
Care should be taken so that adequate clearance ex!sts between the sampling ;
probe and exhaust nozzle for every position of the exhaust nozzle during the ]
test.

B3.2.2 Radial Sampling Locations: A minimum of 22 sampling points
shall be used for each test condition. A minimum of five sampling points
shall be located in each of four quadrants, with two smmpling poi.ts located
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near the engine centerline. Sampling points in adjacent quadrants shall be
separated by at least 60 degrees angular displacement.

Adjacent sampling points along each diameter should be equally apaced.
In order to accurately locate the edge of the exhiauat stream, the impact
pressure at the outermost sampling point shall be between 1.05 Pamb and
1,10 Pamb’ where Pamb 18 the amblent pressure.

B3.3 Sample Transfer: The sample shall be transferred from the probe
to the analytical instruments through a heated sample line of either stain-
leas steel or teflon of 0.18 to 0.32-inch ID., The sample lines shall be

maintained at a temperature of 300 + 27° F from the probe to each analytical
ins trument,

Sample line length should be as short as possible, congistent with the
test setup. Sultable noncontaminating sample pumps shall be used to maintailn
a partial vacuum within the probe so that the pressure ratio across the probe
orifice 1s no less than five, The total sample flow rate shall be such that
the sample pas is transported from the probe inlet to the analyzer inlet in
less than ten seconds.

B4, EQUIPMENT LAYOUT

A schematic diagram of the emissions measuring system is shown in Figure
B2, Additional components such as instruments, thermocouples, valves,
solenolds, pumps, and switches may be used to provide additional information
and coordinate the functions of the component systems. Parallel installation
of CO and COy analyzers is an acceptable alternative. No desiccants, dryers,
wvater traps or related equipment may be used to treat the sample flowing to
the NOy analyzer. The NOy instrunent configuration must be such that water
condensation is avoided throughout the instrument.

B5. INSTRUMENT ROUTINES

B5.1 WDIR Instruments: Following the instrument manufacturar's instruc-

tions for startup of imstruments, the following minimum requirements shall be
adhered to:

B5.1.1 Monthly Routine:

(1) Check detector tuning, following manufacturer's prescribed
routine.

(2) Set instrument zero using dry nitrogen.
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(3) Uaing previous gain setting check calibration curves using
calibration gas with nominal concentrations of 30, 60, and
90% of each range used. Use the same gas flow rate through
instruments during calibration as when sampling exhaust, Any
response value differing from the previous value by more than
4+ 32 of the previous value at the same gailn setting may reflect
some problem in the instrument system, and a thorough instru-
ment check should be made. Confirm or reestablish calibration
c¢urves for each range. Log gain reading.

(4) Check response of interference gases as called out in B2.1,4,
If unacceptable, determine cause and correct -- detector
replacement may be indicated.

B5.1.2 Daily Routine:

(1) 1If analyzer power s not left on continuously, allow 2 hours
for warmup. (If daily use is anticilpated, it is recommended
that analyzer be left on continuously.)

i (2) Replace or clean filters.
(3) Check system for leaks.

(4) Check detector tuning and record reading. If the reading
changes by more than + 3% from the previous value, instrument
readjustment 1s indicated. For the following tests the temper-
ature of zero and span gas in the instrument cells shall be
within £ 2° C (¢ 3.6° F) of typical sample gas temperature
measured at the outlet of the sample cell, and gas flow rate
through the instruments shall be the same for zero and span
gas as for sample gas.

(5) Zero the instrument on dry nitrogen. If there is a significant
change in setting of Zero control, determine the cause and
correct.

(6) Using span gas to give 75 to 90% full-scale deflection, check
the response of the instrument on each range using the gain
setting from the previous use, If the reading differs from
the previous value by more than 3X, an instrument problem may
be indicated. Check and correct as  cessary. If instrument
reading is within + 3% of previous value, adjust gain control
to produce proper imstrument output. Log gain setting at
final adjustment.

(7) Check zero with dry nitrogen and repeat step 6 if necessary.

i (8) Zero and span shall be checked before and after each test, and
' at approximately one-hour intervals during the test.
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B5.2 Total Hydrocarbon Analyzer

B5.2.1 Iuitial Aligonment:

(2)

(3)

(4)

Follow manufacturer's instructions for instrument startup
and basic operating adjustment. Fuel shall be 60% helium,
40% hydrogen containing less than 0.1 ppmC hydrocarben.
Air shall be "hydrocarbon-free" grade containing less

than 0.1 ppumC.

Set oven temperature at 160° C + 5° C (320® F + 9° F) and
allow at least one-half hour after oven reaches tempera-
ture for the system to equilibrate. The tewpevature is
to be maintained at set point * 2° C (& 3.6° F),

Introduce a mixture of propane in air at a propane con=
centration of about 500 ppmC. Vary the fuel flow to
burner and determine the peak response. A change in zero
may result from a change in fuel flow; therefore, the
instrument zero should be checked at each fuel flow rate.
Select an operating fiow rate that will give near maximum
response and the least variation in response with minor
fuel flow variations,

=~ Optimum

Response
DRONNNNY,

Fuel Flow -—»

To determine the optimum airflow, use fuel flow setting
determined ahove and vary airflow. A typlcal curve for
response versus airflow is shown below:

— Optimun

i/

Air Flow ~——»

Response

NN

After the optimum flow settings have been determined, these
flows are to be measured and recorded for future reference.
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3 B5.2,1.2 Oxygen Effect: Check the responsc of the detector
with varied concentrations of oxygen in the sample following steps outlined
balow; this teat shall be made with oven tewperature at the set point and
with gas flow to the detector at optimum conditions, as detetmined in

i
e
3
b
4
@

B5.2.1.1.,
(1) Introduce nitrogen (N2) zero gas and zero analyzer; check i
§ zero using hydrocarbon-free air; the zeto should be the
3 same,
i (2) The following blends of propane shall be used to determine
2 the effect of oxygen (07) in the sample: |
3 Propane in Nj ;

Propane in 90% Np + 10% 0
Propane in air

The volume concentration of propane in the mixture reach-
2 ing the detector should be about 500 ppmC, and the con=

A centration of both the 0y and the hydrocarbon should be

! ' known within t 12 of the absolute value. The zero should
il be chacked after each mixture is measured. If the zero
has changad, then the test shall be repeated.

The response to propane in air shall not differ by more

than 3% from the response to propane in the 10%=0,/90%-Nj A
mixture, nor differ by more than 5% from the response to 3
propane in nitrogen. g

1f these specifications cannot be met by changing the f
sample flow rate or burner parameters, such as airflow i
and/or fuel flow rate, it is recommended that the detector ;

be replaced.

B5.2.1.3 Linearity and Relative Response:

] (1) With analyzer optimized per B5.2.1.1, the instrument

3 linearity shall be checked for the range 0 to 1,000 and

: 0 to 10,000 ppmC in air at nominal concentrations of 50

’ and 95% full scale of each range. ~he deviation of a

% best fit curve from a least-squares best-fit straight

; line should not exceed 2% of the value at any point. If
f this specification is met, concentration values may be
calculated by use of a single calibration factor. If the
deviation exceeds 2% at any point, concentration values
shall be read from a calibration curve prepared during

this aligmment procedure.

314

YT




(2) A comparison of rasponse to the different classes of
compounds shall be made using (individually) propylene,
toluene, and n=hexane, each at 20 to 50 ppmC concentra=
tion in nitrogen, If the response to any one differs by
more than 52 from the average of the three, check instiu= ;
ment operating parameters. Reducing sample flow rate }
improves uniformity of response. .

B5.2.2 Routine At Three-Month Intervals: These checks are to be
made at three-wonth intervals or more frequently should there be any question
regarding the accuracy of the hydrocarbon measurements:

(1) Check for and correct any leaks in system,

(2) Check and optimize burner flows (air, fuel, and sample) as
required by criteria of B5.2.1.1.

(3) Check 0; effect as outlined in B5.2.1.2.

l (4) Check response of propylene, toluene, and n-hexane as outlined
in B5.2.1.3.

(5) Check linearity as outlined in B5.2.1.3.

B5.2.3 Daily Routine

(1} Clean or replace filters.
(2) Check instrument for leaks.
(3) Check instrument temperatures.

(4) Ascertain that a1l flows to detector are correct.

(5) Check zero with zero gas.

(6) The response using blends of propane in air shall be checked
on each range:

For_ range Use

0 to 10 ppwmC 7 to 10 ppmC propane in air

0 to 100 ppmC 70 to 100 ppwC propane in air

0 to 1,000 ppmC 700 to 1,000 ppmC propane in air

1f the response differs from the last previous check value by more
than 3% of the value logged during the last prior day's use, an
instrument problem may be indicated.
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A zero and span gase check shall be made before and after each test
and at approximately one~hour intervals during the test. If the
cumulative changes exceed 3% during the day, an instrument problem
may be indicated.

B5.3 Chemiluminescence Analyzer: VFollow the instrument manufacturer’s
instructions for starcup of instrument.

B5.3.1 Thermal Converter Efficlemcy Check: Check the NOx to NO
converter efficlency by the following procedure. Use the apparatus described
and 1llustrated below:

NO, Converter Efficiency Detector

Converter
Inlet
Connector

(a) Attach the NO/N2 supply (150-250 ppm) at C2, the Oy supply
at C1, and the analyzer inlet connection to the¢ efficiency
detector at C3. Lf lower concentrations of NO are used, air
may be used in place of 02 to facilitate better control of
the NO» generated during step (d).

(b) With the efficiency detector variac off, place the MOy con-
verter in bypass mode and close valve V3. Open valve V2
until sufficient flow and stable readings are obtained at the
analyzer. Zero and span the analyzer output to indicate the
value of the NO concentration being used. Recnrd this con~
centration.
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(c) Open valve V3 (on/off flow control aolenocld valve for 0y) and
adjust valve MV1 (03 supply metering valve) to blend enough
0y to lower the NO concentration (b) about 10%. Record this
concentration.

(d) Turm on the ozonator and increase its supply voltage until the
NO concentration of (c¢) is reduced to about 20Z of (b). NOj
is now being formed from the NOHO3 reaction. There must
alvays be at least 10% unreacted RO at this point. Reecord
this concentration.

(e) When a stable reading has been obtained from (d), place the
NOx converter in the convert mode. The analyzer will now
indicate the total NOy concentration. Record this concen-
tration.

(f) Turn off the ozonator and allow the analyzer reading to sta-
billize. The mixture NOHO7 1is still passing through the cra-
verter. This veading is the total NOy concentration of the
dilute NO span gas used at astep (c). Record this concentra~
tion.

(g) Close valve V3, The NO comcentration should be equal to or
greater than the reading of (d) indicating whether the NO
contains any NO2.

Calculate the efficiency of the NOx converter by substituting
the concentraticns cbtalned during the test into the following

equation.
wfe) = (D) 062
% Eff. () < () X 10GZ

™e efficiency of the converter should te greater than 90 per-
cent. Adjusting the converter temperature may be needed to
meximize the efficiency.

(h) 1If the convertaer eificlency 1s not greater than 90 percent,
the cause of the inefficiency shall be determined and corrected
before the iustrument 1a used.

(1) The converter efficiency shall be checked at least wmonthly.

B5.3.2 Monthly Routine

(1) Adjust analyzer to optimize performance.

(2) Set instrument zero using zero grade nitrogen.
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Calibrate the NOy analyzer with nitric oxide (nitrogen diluent)
gases having nominal concentrations ¢f 50 and 95X of full scale
on each range used. Use the same gas flow rate through the
instrument during calibration as when sampling exhaust. Log
zero and pain settings.

B5.3.3 Daily Routine

1)

(2)
(3)
(4
(5)
(6)

If analyzer power is not left on continuously, allow two
houts for warmup.

Clean or replace filters.

Check system for leaks.

Ascertain that flow to detector i3 correct.
Check zero with zero grade nitrogen.

Zero and span shall be checked before and after each test and
also at approximately one<hour intervals during the test.

B6. REFERENCE GASES

B6.1 Mixture Composition: Reference gases for carbon monoxide and carbon
dioxide shall be prepared using nitrogen as the diluent. They may be blended
singly or as dual component mixtures. Nitric oxide reference gas shall be
blended in nitrogen. Hydrocarbon reference gas shall be propane in air.

Zero gas shall be nitrogen, or optionally high purity alr as specified in

B6. 4,

B6.2 Calibration Gases: Calibration gases shall be certified by the
vendor as accurate within * 1%.

B6.3

Span_Gases: Span gases shall be supplied by the vendor to a stated
accuracy within * 2%,

B6.4 Zero Gas: Nitrogen zero gas shall be minimum 99.998% Ny with less

than 1 ppm CO.

This gas shall be used to zero the CO, COZ and NO analyzer.

Zero~grade air shall not exceed 0.1 ppmC hydrocarbon. This gas shall be
used to zero the HC analyzer. Zero—grade air includes artificlal air consist-
ing of a blend of N2 and Oz with O; concentration between 18 and 21 mole

percent.
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B7. TEST PROCEDURE

B7.1 Test Layout: Set up engine, sampling equipment, and analysis
eguipment as specified in Sections B3 and B4,

B7.2 Fuel: The fuel used shall be as specified by the engine manufac-
turer. 'The carbon=to~hydrogen ratio shali be determined and this parameter
is required in the calculation of results (Section B9). The emissions
determined by this procedure may be a function of the type of fuel used and
80 the type of fuel shall be included as an integral part of the test data,

as specified in Section B8,

B7.3 Ambient Conditions: Changes in ambient temperature, pressure,
and humidity can cause changes in emissions levels both through direct
changes in combustor conditions and through changes in engine operatiug
parameters. Since generally accepted methods are not currently available
for correcting test data to standard conditions, extremes of ambient condi-
tions should be avoided. Ambient temperature, pressure, and humidity shall
be measured for the test records (Section BS).

B7.4 Instrument Calibration: Calibrate exhaust analysis instruments
befor. and after each test perlod using daily procedures given in Section B5.

B7.5 Test Sequence:

(a) Start engine and adjust to desired power setting. Allow
adequate time for stabilization,

(b) Measure concentrations of CO, COp, HC, NO, NOx, and impact
pressure on a minimum of 22 radial sampling locations as
specified in Section B3.2.2,

(¢) The engine may then be stabilized at another power setting
and measurements made as in (b) above. Repeat until test
series is complete.

B8. MINIMUM INFORMATION TO BE RECORDED

The following informaticn, as applicable, shall form a part of the
permanent record for each test.

B8.1 General
(a) Facility performing test and location.

(b) Individual responsible for conduct of test.
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B8.3

(¢)

Test number, reading number, etc.

(d) Date

(e) Time

(f) Fuel type, fuel specification, additives, HC ratio, and
method of determination.

(g) Amblent Conditions: Temperature, pressure, humidity.

(h) Test procedure designation.

(L) Exceptions, if any, to this procedure.

Engine Description

(a) Manufacturer

(b) Model number, serial nuber.

(¢) Time since overhaul and other pcrtinent maintenance infor-
mation,

Engine Operating Data

(a) Nominal power setting, throttle angle.

(b) Rotaticaal speed; Nj, Nj.

(c) Fuel flow (main engine and afterburmer).

(d) Airflow and zethod of determination.

(e) Compressor discharge temperature and method of determination.

(f) Compressor discharge pressure or EPR.

(g) Exhaust nozzle position.

(h) Thrust.

(1) Fuel temperature.

(3) Engine bypass ratio.

(k) Engine inlet (ram) toial temperature.




B8,4 Exhaust Sampling Data

(a) Axial sampling location.

(b) Radial sampling location (distance from projected engine
centerline),

(¢) Concentrations of CO, COp, HC, NO and NOy at each sampling
loccaiion.

(d) Probe impact pressure at each sampling locarion.
(e) Sample line temperature.
(f) Sample line pressure within probe.

(g) Ptobe coolant temperatures.

B9. CALCULATION OF RESULTS

For afterburning engines, chemical reactions can continue in the exhaust
plumes downstream of the nozzle exit plane. The higher the exhaust tempera-
ture at the exit plane, ths greater is the extent of subsequent reactions.
The composition of the exhaust at the nozzle exit plane is thus not represen~
tative of the actual levels of pollutants ejected into the surrounding
atmosphere, the actual levels being generally less than the levels at the
nozzle exit plane., The measured emissions levels must thus be corrected for
plume reactions through the use of a computer program derived from a reactive
plume analytical model,

B9.1 Plume Model Input Data

The plume model computer program computes mixing and reactions aiong a
maximum of 11 stream tubes in the plume, but the measurements are made at 22
radial probe positions. The 22 geparate measurements must be reduced to 11
values before insertion into the plume model. To accomplish this, the impact
presgure measurements are first plotted against radial position, as shown in
Figure B3, and a smooth, averaged curve is drawn through the data. The outer
radius (Ry) of the exhaust jet 18 taken as that radial location at which the
impact pressure equals the ambilent pressure.

Similarly, the CO and C0y concentration data are plotted against radial
position (Figure B4) and smooth, average curves shall be drawn through each
set of data. The plume model computer program requires that input CO and COy
composition data be on a semi-dry basis; that is, with 0.6C2% moisture in the
sample, In case the samples were not partially dried (with an ice trap) to
this level, then appropriate correction factors shall be applicd. Suitable

correction factors are glven.in Section A9.,3 of this pro.edure.

e e

T3




T

[
=]
|
J
|
|
|

4
Impact Pressure, psia

Ambient (Static)
Pressure¢™ ™7 T

— p—

0 2 4 6 8 j]‘
Radius, Inches Ro

Figure B3, Impact Pressure Ys. Radial Position at Max, A/B Puwer Level, R0 is -
Outer Radius of Exhaust. ]

DA

322

TR

T

TR




L
e . = _ . e -
- 16,000
!
14,000 |
12,000
-
A A~ 10,000
(Y
d
[
1 g so00
! g
[:Y
3 é 8000
i 4000 |
1
. 2000
o
o
}
14
B 22
5 [
F. |
2 ]
= 10
‘;‘,‘ -
N &
2 3
3 §
ti . .
3 &
1 8
4
2 Ok
2
-3
: 0 - e ]
] 0 1 2 a a 5 6 1 8 Te
Rastus, Inches nﬂ
Figure B4. CD2 and CO Concenirations Vs, Radial Position
1 at Max, A/B Power Level, R, is Outer Radius
'; of Exhaust,
3 223
L

O s
P




Finally, the HC and NOy concentration data shall be plotted apainst
radial position, as shown in Figure B5., If large variations in HU concen-
trations are noted across the stream, than the HC data shall he plotted on
gsemilogarithmic coordinate paper, as in Figure B3,

The exhaust area, as determined by R,, shall be divided into Ll equal
arecas by dafining

B =17 (B15)

The 11 radial locations, Ry, are then selected to be in the center of each of
11 equal areas. Thus,

nRi - —Sg%:ll~ g (B16)

whete 1 = 1, 2, ===, 11.

This equation can be simplif{ied to yield
Ry = 0.2132 R, v (24=1) (B17)
where { = 1, 2, -, 11,

The complete list of input data required for the plume model computer
program is given in Table Bl along with a brief description of each varie
able, Note that Item 5, RADJ, is equal to R, evpressed in feet, Similarly,
Item 13, RADII, ie equal to Ry expressed in feet.

The local gas composition at “he 1l selected radial locations (Item 12,
CAROL) must be expressed either in mole fraction, parts per million, or some
unit proportional to mole fractions. Note that mixed units (e.g., ppm and %)
cannot be entered. Item 19, SF, is the scale factor appropriate to the units
used.

The emlssions indices for NOy (LIN@2C) and for CO (ELCAC) at the after-
burner inlet are slso required for inpute to the plume model. These values
are normally obtained from previous measurements on the engine at military
power.

For mixed flow augmentors, 11 which afterburaing fuel ig injected into
the mixed stream consisting of rcore engine exhauct and fan air, the overall
engine bypass ratio (BETA) may be obtained from engine cycle data. The local
bypass ratio (BL@C) at each probe location 1s generally obtained from emis-
sions measurements at military power condition.
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Data Item No. 20 (PRINT) contains the axial stationg at which the output
is to be printed. Data shall be caleulated and reported for at least three
axial stations as follows: (1) nozzle exit plane (zero feet aft), (2) 35
times RADJ, and (3) 50 times RADJ. Data may be calculated for additional
axial stations in order to follow the course of reactions within the plume.
Reactions are substantially completed at 35 times RADJ.

The Computer Program User's Manual should be consulted for additional
information and for the complete description of the plume model computer pro-
gram. The User's Manual has been published as Supplement 2 to AFAPL-TR-75-52.

B9.2 Plume Model Output

At each axial station, as designated in the input data, the plume model
computer program calculates various quantities related to mixing and reactions
in the plume along the 11 stream tubes initially selected. In addition, at
each station, the following overall or integrated values are calculated, and
shall be reported!

Total Flow, pps: Gas Mixture, Fuel '
Emission Indices, 1b/1000 1b fuel: €O, HC, NOyx
Contaminant Flow, pps: €O, HC, NOy

The overall values shall be examined for internal consistency. The
following criteria shall apply:

(a) Calculated fuel flow shall agree within = 15% with the metered
total engine fuel flow. If the agreement is not within 15%, then
the plume model input data shall be reassersed. 1In particular,
the curves of concentration versus radial locatlon shall be
examined to determine that the composition of the samples is
representative of the actual local composition.

(b) Emission indices and contaminant flows at axial station 50 times
RADJ shall be within 5% of the value calculated for axial stations
35 times RADJ., If such is not the case, tlie computer program shall
be rerun for an axial station of 70 times RADJ.
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